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Burkholderia cenocepacia is an opportunistic bacterial pathogen that poses a signifi-
cant threat to individuals with cystic fibrosis by provoking a strong inflammatory re-
sponse within the lung. It possesses a type VI secretion system (T6SS), a secretory 
apparatus that can perforate the cellular membrane of other bacterial species and/or 
eukaryotic targets, to deliver an arsenal of effector proteins. The B. cenocepacia T6SS 
(T6SS-1) has been shown to be implicated in virulence in rats and contributes toward 
actin rearrangements and inflammasome activation in B. cenocepacia-infected mac-
rophages. Here, we present bioinformatics evidence to suggest that T6SS-1 is the 
archetype T6SS in the Burkholderia genus. We show that B. cenocepacia T6SS-1 is 
active under normal laboratory growth conditions and displays antibacterial activity 
-]-bmv| o|_;uu-lŊm;]-|b;0-1|;ub-Ѵ vr;1b;vĺou;o;uķB. cenocepacia T6SS-1 is 
not required for virulence in three eukaryotic infection models. Bioinformatics analy-
sis identified several candidate T6SS-dependent effectors that may play a role in the 
antibacterial activity of B. cenocepacia T6SS-1. We conclude that B. cenocepacia 
T6SS-1 plays an important role in bacterial competition for this organism, and prob-
ably in all Burkholderia species that possess this system, thereby broadening the 
range of species that utilize the T6SS for this purpose.
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Bacteria utilize many systems to establish a niche, including mech-
anisms to exploit eukaryotic organisms and/or to compete effec-
tively with other bacterial species colonizing the same ecosystem. 
-m u-lŊm;]-|b; 0-1|;ub- rovv;vv - ruo|;bm v;1u;|bom vv-
tem termed the type VI secretion system (T6SS) that participates 
in one or both processes, depending on the species (Ho, Dong, 
ş;h-Ѵ-movķ ƑƏƐƓőĺ $_; $ѵ"" bv =om7 bm ŜƑƔѷ o=u-lŊm;]--
tive species (Bingle, Bailey, & Pallen, 2008), including the human 
pathogens Pseudomonas aeruginosa (Mougous et al., 2006), Vibrio 
cholerae (Pukatzki et al., 2006), Serratia marcescens (Murdoch et 
al., 2011), and Burkholderia pseudomallei (Burtnick et al., 2011). The 
system is composed of multiple copies of at least thirteen different 
subunits (TssA-TssM) and a single copy of the PAAR protein, which 
-u;ou]-mb;7bm|o-7m-lb1ruo|;bmbmf;1|boml-1_bm;1om|-bmbm]
two distinct interacting subassemblies (Basler, 2015). The first is 
a contractile structure that shares homology with components of 
the T4 bacteriophage tail and is comprised of multimers of TssD 
(also termed Hcp) that assemble into a tube that is sharpened at 
om;;m70-|ubl;uo=$vvŐ-Ѵvohmom-v(]uőv0mb|v1-rr;7
by a monomer of the PAAR protein. The tube, in turn, is surrounded 
by a contractile sheath composed of polymerized TssBC subunits. 
The tubesheath structure is assembled on a platform known as 
|_;0-v;rѴ-|;|_-|1omvbv|vo=|_;$vvv0mb|vŐu-1hl-mmķ
--uoķ)-m]ķ ş -vѴ;uķ ƑƏƐƕĸ um;|ķ ,o;7ķ o;uķ	obķ ş
-v1-Ѵ;vķƑƏƐƔĸ;bl-m;|-ѴĺķƑƏƏƖĸ];m;|-ѴĺķƑƏƐƕőĺ$_;v;1-
ond subassembly, composed of the TssJLM subunits, is a channel/
chamber complex that spans the inner membrane, periplasm, and 
outer membrane, and serves to anchor the contractile machinery 
to the bacterial cell envelope (Brunet et al., 2015; Durand et al., 
ƑƏƐƔĸ];m ;| -Ѵĺķ ƑƏƐƕőĺ $_; uoѴ; o= |_; $vv v0mb| bv Ѵ;vv
certain, but it has been proposed to play roles in priming and po-
lymerization of the tubesheath structure or act as a baseplate 
component (Planamente et al., 2016; Zoued et al., 2016).
Contraction of the sheath against the baseplate drives the 
sharpened inner tube through the chamber complex to the exterior 
where it punctures the cellular membrane of a neighboring target 
1;ѴѴĺ==;1|ouruo|;bmvķ_b1_l-0;mom1o-Ѵ;m|Ѵ-vvo1b-|;7b|_
the TssD, TssI, or PAAR subunits (cargo effectors) or occur as ad-
ditional domains on these proteins (specialized effectors), are thus 
delivered into the target cell where they kill or subvert the recipient 
(Durand, Cambillau, Cascales, & Journet, 2014). In many T6SS-con-
taining bacteria, these targets are other competing species of bac-
|;ub-ķ-m7vo|_;vv|;lrѴ-v-l-fouuoѴ;bm0-1|;ub-Ѵ1olr;|b|bom
(Diniz & Coulthurst, 2015; Hood et al., 2010; MacIntyre, Miyata, 
Kitaoka, & Pukatzki, 2010; Schwarz et al., 2010). Such T6SS-depen-
dent competition can occur in a variety of environments, including 
rѴ-m|_ov|v Ő-ķ-1_-mbķbmķbѴѴoķş-bķƑƏƐƓőou|_;l-ll--
lian gut (Chassaing & Cascales, 2018; Sana et al., 2016; Zhao, Caro, 
Robins, & Mekalanos, 2018). Some T6SSs also specifically target eu-
karyotic cells and have more of a direct role in virulence, including 
the T6SS-5 of B. pseudomallei and H2- and H3-T6SS of P. aeruginosa 
(Burtnick et al., 2011; Jiang, Waterfield, Yang, Yang, & Jin, 2014; 
Sana et al., 2012).
A variety of T6SS-dependent effectors and cognate immunity 
proteins have now been described, including superfamilies of an-
tibacterial effectors. These include effectors that target the pepti-
7o]Ѵ1-m Ѵ-;uķ r_ovr_oѴbrb7 l;l0u-m;ķ ou _ov| 	ņ!ķ v1_
as the amidase effectorimmunity pairs termed Tae-Tai (for type VI 
amidase effector/immunity; Hood et al., 2010; Russell et al., 2011; 
!vv;ѴѴ ;| -Ѵĺķ ƑƏƐƑĸ ub|v1_ ;| -Ѵĺķ ƑƏƐƒőķ |_; |r;( Ѵbr-v; ;==;1-
tors (Tle) that possess phospholipase A1, A2, or D activity (Russell 
;|-ѴĺķƑƏƐƒőķou|_;|r;(	-v;;==;1|ouvŐ$7;ĸ-;|-ѴĺķƑƏƐƓőķ
respectively. A number of anti-eukaryotic effectors have also been 
described, including a P. aeruginosa effector with phospholipase D 
activity that can target both bacterial and eukaryotic cells (Jiang et 
-Ѵĺķ ƑƏƐƓőķ |_; 1-|-Ѵ-v;;==;1|ouķ-|ķ u;vromvb0Ѵ; =ou bm|u-l-1uo-
phage survival of enterohemorrhagic E. coli (Wan et al., 2017), and a 
(]uv0mb|b|_-Ŋ|;ulbm-Ѵ-1|bm1uovvŊѴbmhbm]7ol-bm|bѴb;70
V. cholerae Ő(]uŊƐő|_-| blr-buv|_;r_-]o1|b1-1|bb|o=;h-u-
otic host cells (Ma, McAuley, Pukatzki, & Mekalanos, 2009; Pukatzki, 
Ma, Revel, Sturtevant, & Mekalanos, 2007).
The genus Burkholderia constitutes a large and diverse group of 
u-lŊm;]-|b;0-1|;ub-Ѵvr;1b;vķbm1Ѵ7bm]rubl-u-m7orrou|mbv-
tic human pathogens, plant pathogens, and plant-associated species 
b|_ 0bo1om|uoѴ ruor;u|b;v Ő0;uѴ ş (-m7-ll;ķ ƑƏƐѵőĺ !;1;m|Ѵķ
the classification of the Burkholderia has undergone a proposed re-
vision, with all members of the Burkholderia cepacia complex (Bcc) 
and Pseudomallei groups, together with some phytopathogenic spe-
cies, remaining as Burkholderia, while all the other species (typically 
nonpathogenic environmental strains) have been reassigned to the 
new genera Paraburkholderia Ő"--m-ķ7;oѴķşr|-ķƑƏƐƓő-m7
Caballeronia (Dobritsa, Linardopoulou, & Samadpour, 2017). The Bcc 
is a group of at least twenty closely related species that have gained 
notoriety as opportunistic respiratory pathogens in cystic fibrosis 
Őőr-|b;m|vķ-vvol;v|u-bmv-u;_b]_Ѵ|u-mvlbvvb0Ѵ;0;|;;mbm7b-
viduals and the resulting infections can be difficult to treat effectively 
and result in fatal pneumonia and septicemia (Depoorter et al., 2016; 
Drevinek & Mahenthiralingam, 2010). One of the most prevalent Bcc 
vr;1b;v bm  bm=;1|bomv bvB. cenocepacia. However, despite many 
studies investigating the virulence mechanisms of this bacterium, 
the molecular pathogenesis of B. cenocepacia infection is not fully 
m7;uv|oo7ĺl;uov v|u-|;]b;v _-; 0;;m ruorov;7 |o -11om|
for its virulence, including its ability to invade and survive intracel-
lularly within host cells (Burns et al., 1996; Cieri, Mayer-Hamblett, 
ub==b|_ķşumvķƑƏƏƑĸ-ubѴbm;|-ѴĺķƑƏƐƑĸ-u|bmşo_uķƑƏƏƏĸ
McKeon, McClean, & Callaghan, 2010; Mesureur et al., 2017), induce 
pro-inflammatory responses (Kotrange et al., 2011; Mesureur et al., 
2017), scavenge iron (reviewed in Butt & Thomas, 2017), and secrete 
hydrolytic enzymes such as zinc metalloproteases (Corbett, Burtnick, 
Kooi, Woods, & Sokol, 2003; Sokol et al., 2003).
As many as eight different T6SSs have been identified across the 
redefined Burkholderia genus, with anywhere up to six of them being 
encoded in the genome of an individual species (Angus et al., 2014; 
Shalom, Shaw, & Thomas, 2007). The six T6SSs in B. pseudomallei 
ՊՍՊ |Պƒo=ƑѵSPIEWAK ET AL.
have been described using two numbering systems (Schell et al., 
2007; Shalom et al., 2007), with a further two T6SSs identified in 
other Burkholderia species referred to as T6SSa and T6SSb (Angus et 
al., 2014). In the present investigation, we have adopted the nomen-
clature of Shalom et al., 2007, and for consistency, we refer to T6SSa 
and T6SSb as T6SS-7 and T6SS-8, respectively. B. cenocepacia strains 
are generally considered to contain only a single T6SS that corre-
sponds to T6SS-1 of B. pseudomallei and B. thailandensis (Angus et al., 
ƑƏƐƓĸ0;u|ķѴ-mm-]-mķş(-Ѵ-moķƑƏƏѶĸ0;u|ķķş(-Ѵ-moķ
2015; Schwarz et al., 2010; Shalom et al., 2007).
The T6SS-1 in the epidemic B. cenocepacia bvoѴ-|;ƔѵŊƑ-v
shown to contribute to bacterial survival within a rat model of chronic 
lung infection (Hunt, Kooi, Sokol, & Valvano, 2004). Subsequent work 
has suggested that T6SS-1 is responsible for the ability of B. cenoce-
pacia to subvert predatory eukaryotic cells, including the amoeba 
Dictyostelium discoideum and murine and human monocyte-derived 
macrophages, and this involves actin cytoskeletal rearrangement 
(Aubert et al., 2008; Xu et al., 2014). The T6SS-1 has been shown to 
;;u| b|v ;==;1| om 1|ovh;Ѵ;|-Ѵ u;-uu-m];l;m| |_uo]_!_o$-v;
bm-1|b-|bomŐ0;u|;|-ѴĺķƑƏƏѶĸѴ-mm-]-m;|-ѴĺķƑƏƐƑĸ;b|_ķm;vķ
Sholdice, & Valvano, 2009; Rosales-Reyes, Skeldon, Aubert, & Valvano, 
2012). More recent studies have suggested that the T6SS-dependent 
interactions between B. cenocepacia and human-derived phagocytic 
cells are important for triggering an innate immune response through 
rubmbm=Ѵ-ll-vol;-1|b-|bomrom$-v;bm-1|b-|bomķ_b1_l-
promote bacterial clearance and protection from potentially lethal in-
=;1|bomvbm-lov;lo7;ѴŐ0;u|;|-ѴĺķƑƏƐѵĸ-ubѴbm;|-ѴĺķƑƏƐƑĸ*
et al., 2014). Several observations which have been attributed to T6SS-1 
activity have been obtained using a B. cenocepacia strain in which atsR, 
a gene encoding a hybrid sensor kinase, has been deleted. This results 
in upregulation of the system and allows for detection of T6SS-1 secre-
tion activity in a B. cenocepacia strain (Aubert et al., 2008, 2015).
Here, we present a bioinformatics analysis of the T6SS-1 in the 
genus Burkholderia and related species. We demonstrate sufficient 
T6SS-1 secretion activity in B. cenocepacia isolates growing under stan-
dard laboratory conditions to investigate the role of the T6SS in this 
Bcc species, without the need for upregulation of the system by atsR 
bm-1|b-|bomĺuol|_bvķ;ruob7;;b7;m1;|ovrrou|- =m1|bom-Ѵ
role of the T6SS-1 in B. cenocepacia in bacterial competition through a 
series of bacterial competition assays. The contribution of the T6SS-1 
to pathogenesis in three established eukaryotic models of B. cenoce-
pacia infection was also investigated, but our results indicated that the 
system does not contribute to pathogenesis in these models.
ƑՊ |Պ$! "	$	"
ƑĺƐՊ|Պ"|u-bmvķrѴ-vlb7vķ-m7]uo|_1om7b|bomv
The bacterial strains and plasmids used in this study are indicated 
bm $-0Ѵ;Ɛ Őrr;m7b Ɛőĺ ou 1Ѵ|b-|bomo= 0-1|;ub-ķ v|u-bmv;u;
routinely grown in LB medium (E. coli, P. putida) or M9 minimal salts 
agar containing 0.5% glucose (B. cenocepacia) at 37°C. M9 minimal 
v-Ѵ|v 1om|-bm;7ƓƑl-2HPO4, 22 mM KH2PO4ķ ƐƖl4Cl, 
Ɩl-ѴķƐl]"4, and 0.1 mM CaCl2. Antibiotics were used, 
when appropriate, at the following concentrations: ampicillin (Ap), 
100 μg/ml (E. coli); chloramphenicol (Cm), 25 μg/ml (E. coli, P. putida) 
and 50100 μg/ml (B. cenocepacia); kanamycin (Km), 50 μg/ml (E. coli 
and B. cenocepacia); rifampicin (Rf), 100 μg/ml (E. coli and B. cenoce-
pacia); and trimethoprim (Tp), 25 μg/mL (E. coli), 25 μg/ml (B. cenoce-
paciaƐƐƐ-m71ƕƐƔfőķ-m7ƐƏƏμg/ml (B. cenocepacia ƔѵŊƑőĺou
selection of trimethoprim resistance in E. coli, Iso-Sensitest Agar 
(Oxoid) was employed, and for selection of kanamycin resistance in 
B. cenocepacia, Lennox agar was utilized. Dialyzed brain-heart infu-
sion (D-BHI) broth was prepared according to Sokol, Ohman, and 
Iglewski (1979) and used as the liquid growth medium for cultures of 
B. cenocepacia undergoing secreted protein extraction.
ƑĺƑՊ|Պ	ru;r-u-|bom-m7l-mbrѴ-|bom
!;1ol0bm-m| 	 |;1_mbt;v ;u; r;u=oul;7 ;vv;m|b-ѴѴ -v 7;-
v1ub0;7 bm "-l0uooh ;| -Ѵĺ ŐƐƖѶƖőĺ	 -lrѴb=b1-|bom 0 !-v
r;u=oul;7b|_		roѴl;u-v;;ml;ŐbѴѴbrou;őouo$-t
Ƒ Ѵ;b	oѴl;u-v; Őuol;]-ő -11ou7bm] |ol-m=-1|u;uŝv
bmv|u1|bomvvbm]0obѴ;71;ѴѴѴv-|;-v|;lrѴ-|;	ĺubl;uvv;7
in this study are indicated in Table A2 (Appendix 1) and were pur-
1_-v;7 =uol uo];m|;1ķ ;Ѵ]blĺ ! ruo71|v ;u; rub=b;7
from solution or by agarose gel extraction using a QIAquick PCR 
ub=b1-|bomb|Ő b-];mőĺ	u;v|ub1|bom;ml;v;u;ru1_-v;7
=uoluol;]-ou;m]Ѵ-m7boѴ-0vĺ	-v Ѵb]-|;7vbm]$Ɠ
	Ѵb]-v;Őuol;]-őĺ1Ѵ;o|b7;v;t;m1;7;|;ulbm-|bom-vr;u-
=oul;70|_;ou;;molb1-1bѴb|-|$_;&mb;uvb|o="_;==b;Ѵ7ķ
&ĺ ;mol; v;t;m1bm] -v ruob7;7 0 b1uo0;v Ő_||rvĹņņ
www.microbesng.uk), Birmingham, UK. These sequence data have 
0;;m v0lb||;7 |o |_;  ;m-mh 7-|-0-v; m7;u -11;vvbom
number MK051000. Details of data submission can be found at 
www.ncbi.nlm.nih.gov/genbank/.
ƑĺƒՊ|Պomv|u1|bomo=B. cenocepacia 
v|u-bmv-m7rѴ-vlb7v
Burkholderia cenocepacia chromosomal mutants with insertion-
ally inactivated genes were generated by allelic replacement using 
|_; vb1b7; ;1|ou r"$Ƒķ -v ru;bovѴ 7;v1ub0;7 Ő"_-v|ub ;|
-Ѵĺķ ƑƏƐƕőĺ ub;=Ѵķ 	 =u-]l;m|v 1om|-bmbm] ŜƐķƑƏƏ0r o= |_;
Ŋ|;ulbm-Ѵ 1o7bm] u;]bomo= tssM (tssM) and the entire tssK and 
tagY genes were amplified from B. cenocepacia H111 using primer 
pairs tssMfor and tssMrev, tssKfor and tssKrev, and tagYfor and 
|-]+u;ķ u;vr;1|b;Ѵĺ -1_ ];m;ņ];m; =u-]l;m|-v 1Ѵom;7 bm|o
the vectors pBBR1MCS or pBluescriptII, where tssK was cloned 
between the restriction sites HindIII and BamHI, tssM between 
XbaI and XhoI, and tagY between BamHI and XhoI, generating 
pBBR1-tssK, pBBR1-tssM, and pBluescript-tagY. To disrupt each 
target gene, pBBR1-tssK was restricted with EcoRI, pBBR1-tssM 
with BamHI, and pBluescriptII-tagY with ZraI, and ligated to the 
trimethoprim (dfrB2) resistance cassette that was excised from 
rƒƓŊ$r0EcoRI, BamHI, and SmaI, respectively. The disrupted 
Ɠo=ƑѵՊ|ՊՊՍ SPIEWAK ET AL.
alleles, tssK::Tp, tssM::Tp, or tagY::Tp, were then transferred to 
r"$Ƒ -v XhoI-NotI (tssK and tssM) or XhoI-XbaI (tagY ) frag-
l;m|vĺr"$ƑŊ7;ub;71omv|u1|v;u;1omf]-|;7bm|oB. ceno-
cepaciav|u-bmvƐƐƐķƔѵŊƑķ-m71ƕƐƔfvbm]E. coli donor strain 
S17-1(λpir) according to Herrero, Lorenzo, and Timmis (1990) and 
de Lorenzo and Timmis (1994) and selected using M9 agar contain-
bm] |ubl;|_orublĺ $_;ru;bovѴ 1omv|u1|;7r"$ƑŊ|vvĹĹ$r
rѴ-vlb7-v vblbѴ-uѴ bm|uo71;7 bm|oƔѵŊƑ-m71ƕƐƔfĺ	o0Ѵ;
crossover recombinants were identified by chloramphenicol sen-
sitivity and verified by PCR using primers pairs that annealed to 
];molb1 u;]bomvo= |_; |-u];| ];m; Ѵo1-|;7 fv| o|vb7; |_;_o-
loѴo]ov u;]bom 1om|-bm;7 b|_bm |_; r"$Ƒ 1omv|u1|ĺ ";;
Appendix 2 for further details. Construction of the B. cenoce-
pacia H111 tssM in-frame deletion mutant has been described 
previously (Dix et al., 2018). The tssM complementation plasmid, 
pBBR1-tssM(+), was constructed by amplifying tssM from B. ceno-
cepacia H111 with primers tssMforAcc65I and tssMrevXbaI, and 
ligating the amplicon to the Acc65I and XbaI sites of pBBR1MCS, 
which places tssM under control of the vector lacZ promoter.
ƑĺƓՊ|Պ|u-1|bom-m77;|;1|bomo=
;|u-1;ѴѴѴ-uruo|;bmv
Culture supernatants were collected from 15 ml D-BHI broth cul-
tures of B. cenocepacia strains grown at 37°C until at OD600 of 0.6
0.8 and filter sterilized using a 0.22-μM syringe-driven filter unit. 
Sodium deoxycholate was added to supernatants to a final concen-
tration of 0.2 mg/ml, which were then incubated on ice for 30 min. 
To precipitate proteins, TCA was added at 10% (w/v) final concen-
|u-|bom-m7bm10-|;7o;umb]_|-|ƴƑƏŦĺ"r;um-|-m|v;u;1;m-
trifuged to collect the protein pellets, which were then washed with 
acetone, collected by centrifugation, and air-dried. Protein pellets 
were resolubilized with 15 μl of 1x SDS-loading buffer (125 mM 
Tris-HCl, 5% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) 2-mercaptoeth-
-moѴķƏĺƏƏƔѷŐņő0uolor_;moѴ0Ѵ;ķrѵĺѶőĺou1;ѴѴŊ-vvo1b-|;7
protein fractions, the whole-cell pellet was concentrated 20-fold in 
PBS and combined with an equal volume of 2x SDS-sample buffer.
Protein samples were separated in a 15% SDSpolyacrylamide 
gel, transferred onto 0.45-μ(	l;l0u-m;ŐbѴѴbrou;őķ-m7bm-
cubated for 1 hr in blocking solution (5% (w/v) milk, TBS, 0.05% 
(v/v) Tween-20). TssD secretion was analyzed by Western blotting 
as standard protocol using a custom rat antibody raised against 
purified recombinant TssD (The University of Sheffield Biological 
Services, 1:2,000) and goat anti-rat HRP secondary antibody 
Ő"o|_;umbo|;1_ķ ƐĹƔķƏƏƏőĺ ! roѴl;u-v; β-subunit was de-
|;1|;7-v-Ѵvbv1om|uoѴvbm]-lomo1Ѵom-Ѵlov;-m|bŊ!roѴ-
merase βŊv0mb|rubl-u-m|b0o7ŐƐĹƑķƔƏƏķ;oѴom;ő-m7u-00b|
anti-mouse HRP secondary antibody (Thermo Scientific, 1:5,000).
ƑĺƔՊ|Պ-1|;ub-Ѵ1olr;|b|bom-vv-
Attacker (B. cenocepacia) and prey (e.g., P. putida, E. coli CC118(λpir)) 
v|u-bmv;u;]uomo;umb]_|bm-|ƒƕŦĺ-1_1Ѵ|u;-v|_;m
normalized to an OD600 of 0.5. Bacterial suspensions were combined 
in a 5:1 ratio of attacker:prey. Monoculture controls of target and 
attacker strains with LB were included using the same number of 
bacteria as in the attacker:prey sample, respectively. 25 μl of each 
coculture and control culture was spread over a 0.45-μm nitrocellu-
lose filter membrane on a prewarmed LB agar plate and incubated at 
30°C for 4 hr. After incubation, bacteria from each filter membrane 
were harvested in 1 ml LB and 10ƴƐ to 10ƴƔ serial dilutions made. 
10 μl of each dilution was spotted onto selection plates in triplicate 
using the surface viable count method (Miles, Misra, & Irwin, 1938). 
B. cenocepacia was selected by Tc resistance, P. putida by Cm resist-
ance, E. coli CC118(λpir) by Rf resistance, and E. coli SM10(λpir) by Km 
resistance. Plates were incubated at either 37°C or 30°C overnight, 
7;r;m7;m|om|_;v|u-bmĺ$_;ml0;uo=b-0Ѵ;&-v1om|;7-m7
v;7|o1-Ѵ1Ѵ-|;|_;&ņl=ou;-1_1o1Ѵ|u;ou1om|uoѴ1Ѵ|u;
tested. All experiments were carried out at least three times.
ƑĺѵՊ|ՊGalleria mellonellaѴ-u-;hbѴѴbm]-vv-
bm-ѴŊbmv|-u Galleria mellonella larvae were purchased fresh from 
b;=oo7&-m7l-bm|-bm;7-|ƓŦ0;=ou;bm=;1|bomĺouru;r-u-|bom
o=0-1|;ub-=oubmf;1|bomķB. cenocepacia K56-2 strains were cultured 
at 37°C in BHI broth until an OD600 of 0.6 was reached. The bacteria 
were centrifuged at 5,000 g for 2 min and resuspended in PBS to 
OD600ŜƏĺƔ-m7v;ub-ѴѴ7bѴ|;7ĺou7;|;ulbm-|bomo=|_;buѴ;m1;
of the strains, larvae (nƷƒƏő;u;bmf;1|;7b|_ƓƵƐƏ4-m7ƓƵƐƏ2 
&ņѴ-u-; ŐbmƐƏμl) into the hindmost left proleg semi-automati-
cally using a PB-600-1 Repeating Dispenser (Hamilton) affixed to a 
-v|b]_|ƔƏƏŊμ-lbѴ|omvubm];Őo7;ѴƐƕƔƏ!ŐѴ-u];_0ő"+!
b|_-ƑƑŊ]-];ķ Ѵ-u];_0!	ķƑ bm1_ķrobm| v|Ѵ;Ƒm;;7Ѵ;őĺ
Three control groups (nƷƑƏő;u;bmf;1|;7b|_ƐƏμl of sterile PBS, 
10 μl heat-killed bacteria (the lowest dilution of the bacterial culture 
used for infection boiled at 100°C for 10 min), or left untreated. 
Serial dilutions of the bacterial suspension were plated onto BHI 
agar and grown at 37°C overnight to estimate the bacterium inocu-
lum. The heat-killed bacterial suspension was also spotted onto BHI 
agar to check sterility. Larvae were incubated at 37°C for 26 hr in 
sterile plastic Petri dishes lined with filter paper discs. Larval survival 
was assessed from 16 to 26 hr postinfection at 2-hr intervals. Dead 
larvae were classed as those that were stationary and no longer re-
sponded to touch. All experiments were carried out at least three 
times.
ƑĺƕՊ|ՊCaenorhabditis eleganshbѴѴbm]-vv-
Analysis of the virulence of B. cenocepacia strains toward C. elegans 
Ƒ-vr;u=oul;7-v7;v1ub0;7 bm&;_Ѵbm];u;|-Ѵĺ ŐƑƏƏƖőĺub;=Ѵķ
to form a bacterial lawn, overnight cultures of B. cenocepacia strains 
;u; -7fv|;7 |o - 7;mvb| o= -rruobl-|;Ѵ ƐĺƒŋƐĺƔƵƐƏ4&ņ
ml, and 100 μl of the suspension was plated onto six-well plates 
1om|-bmbm] m;l-|o7; ]uo|_ l;7bl Ő ő -m7 bm10-|;7 -|
ƒƕŦ =ou ƑƓ_uĺ oѴѴobm] |_bvķ -rruobl-|;Ѵ ƑƏŋƓƏ _ro1_Ѵo-
rite-synchronized L4 larvae of C. elegansubv|oѴƑŐo0|-bm;7=uol
ՊՍՊ |ՊƔo=ƑѵSPIEWAK ET AL.
the Caenorhabditis ;m;|b1v ;m|u;ķ &mb;uvb| o= bmm;vo|-ķ
Minneapolis) were used to inoculate the plates. Plates were then 
incubated at 20°C and the percentage of live worms scored after 
ƓѶ-m7ƕƑ_uĺ;l-|o7;v;u; 1omvb7;u;77;-7_;m |_; =-bѴ;7
to respond to touch. E. coli OP50 was used as a negative control. All 
experiments were carried out at least three times.
ƑĺѶՊ|Պ,;0u-=bv_;l0uobm=;1|bom-vv-
Infection of zebrafish (Danio rerio) embryos was performed as 
7;v1ub0;7 bm (;u]mv|ķ ;bf;uķ !;mv_-ķ -m7 Ľ-ѴѴ-]_- ŐƑƏƐƏőķ
Mesureur and Vergunst (2014). Briefly, B. cenocepacia K56-2 and 
the otherwise isogenic tssM::Tp and tssA:Tp mutants were grown 
overnight in LB containing the appropriate antibiotics. Thirty hours 
postfertilization, zebrafish embryos were dechorionated and an-
;v|_;|b;7 bm ƒ l;7bl b|_ ƏĺƏƑѷ 0==;u;7 |ub1-bm; l;|_-m;-
vѴ=om-|; Ő"ƑƑƑőĺl0uov ŐnƷƑƏő;u;|_;mlb1uobmf;1|;7b|_
-uom7ƐƏƏ&o=0-1|;ub-7bu;1|Ѵ bm|o|_;0Ѵoo71bu1Ѵ-|bom-m7
l-bm|-bm;7bmƒl;7bl-|ƑѶŦĺl0uovub-Ѵ-vlomb|ou;7-|
regular intervals from 40 hr postinfection (hpi). Dead embryos were 
scored as those without a heartbeat. The experiment was carried 
out twice.
uol |_; v-l; ;r;ubl;m|vķ =b; bm=;1|;7 ;l0uov r;u |u;-|-
l;m|]uor;u;|-h;mu-m7olѴ-|Ə-m7ƑƓ_rb-m7v0f;1|;7|o
bacterial enumeration as described in Mesureur & Vergunst, 2014. 
"|-|bv|b1-Ѵ-m-Ѵvbv-vr;u=oul;7vbm]ubvlѵŐu-r_-7őĺ"ub-Ѵ
assays are represented in KaplanMeier graphs and analyzed with a 
Ѵo]Ŋu-mhŐ-m|;Ѵŋoő|;v|ĺm&1om|;r;ubl;m|vķvb]mb=b1-m1;
-v7;|;ulbm;7vbm]om;Ŋ-(ķb|_"b7-hŝvlѴ|brѴ;1ol-
parison test.
ƑĺƖՊ|Պbobm=oul-|b1-m-Ѵvbv
!;Ѵ;-m| 	 -m7 ruo|;bm v;t;m1;v ;u; o0|-bm;7 =uol |_;
;m-mh7-|-0-v;ŐѴ-uhķ-uv1_Ŋbu-1_bķbrl-mķv|;ѴѴķş
"-;uvķƑƏƐѵőĺ&m-mmo|-|;7;m-mh;m|ub;v;u;l-m-ѴѴ bm|;u-
rogated for coding regions and the respective protein sequences 
vbm]"m-r;m;® vo=|-u; Ő=uol"bo|;1_ĸ --bѴ-0Ѵ; -| _||rĹņņ
www.snapgene.com). All protein homology analyses were per-
=oul;7vbm]0Ѵ-v|r-m7|_;momu;7m7-m|ruo|;bmv;t;m1;v
(nr) database. T6SS-1 clusters were identified in a two-step process. 
buv|ķ|_;-lbmo-1b7v;t;m1;vo=$vvŐƏƒƓƕő-m7$-]*ruo-
teins (BCAL0352) from B. cenocepacia J2315 were used as search 
queries to identify homologous proteins. Second, the loci encoding 
these proteins were interrogated for the presence of other T6SS-re-
lated genes. If homologues of the additional tag genes tagM, tagN, 
and tagY -m7 |_;l-foub|o= 1ou; tss genes were present, the re-
gion was defined as a T6SS-1 cluster. To identify T6SS-7 clusters, 
the protein sequence of the TssH homologue in the H111 T6SS-7 
cluster (I35_RS17330) was used as the query sequence to identify 
_oloѴo]ovruo|;bmvb|_-r;u1;m|-];v;t;m1;b7;m|b|ƾƕƏѷbm
Burkholderia and Paraburkholderia species. The surrounding loci were 
then interrogated. If homologues of the core tss genes (tssA-tssM) 
were present in a similar genetic arrangement as that in the H111 
T6SS-7 cluster, the region was defined as a T6SS-7 cluster.
Multiple sequence alignments were performed using Clustal 
W or Clustal Omega (Larkin et al., 2007; Sievers et al., 2011) and 
formatted for display using BoxShade (https://www.ch.embnet.
org/software/BOX_form.html). The prediction of transmembrane 
helices within proteins was performed using TMHMM Server v.2.0 
Őuo]_ķ-uvvomķ;bfm;ķş"omm_-ll;uķƑƏƏƐőĺ
ƒՊ |Պ!"&$"
ƒĺƐՊ|Պolr-u-|b;-m-Ѵvbvo=|_;$ѵ""ŊƐbm
Burkholderia-m7momŊBurkholderia species
In a previous study, six T6SSs were identified in B. pseudomallei 
(Shalom et al., 2007). The only one encoded on the large chromosome 
(T6SS-1) has been identified in nine other Burkholderia species and 
three members of the Paraburkholderia (Angus et al., 2014). We have 
extended this analysis to include all Burkholderia and Paraburkholderia 
species, and members of other related proteobacteria for which ge-
nome sequence information is available. Therefore, the amino acid 
sequence of protein products encoded by the T6SS-1 gene cluster 
of B. cenocepacia J2315 was used in blastp searches to identify ho-
mologous proteins in other Burkholderia, Paraburkholderia, and related 
species, and the respective T6SS-1 gene clusters that encoded them 
were identified. All members of the genus Burkholderia (i.e., the Bcc 
and pseudomallei groups and the phytopathogenic strains B. gladioli, 
B. plantarii, and B. glumae), with the exception of the recently described 
species B. singularis, were found to harbor the T6SS-1 gene cluster 
(Table A3 in Appendix 1). In species for which a complete genome 
assembly was available, the T6SS-1 was located on chromosome 1 in 
every case. We also found homologous loci of the Burkholderia T6SS-1 
gene cluster in many species of the closely related Paraburkholderia 
genus, including P. acidipaludis, P. phytofirmans, and P. fungorum (see 
Table A4 in Appendix 1 for additional species), several of which were 
located on chromosome 2 or 3 instead of chromosome 1. The T6SS-1 
cluster of P. acidipaludisbvv_ombmb]u;Ɛĺ$ѵ""ŊƐ1Ѵv|;ub|_-
similar, but not identical, genetic organization was also found in other 
β-proteobacteria, including Ralstonia solanacearum, Rubrivivax gelati-
nosus, Achromobacter xylosoxidans, and the γ-proteobacteria species 
Xanthomonas oryzae and Acinetobacter baumannii Őb]u;Ɛő.
Most clusters were found to contain the core tss genes on three 
1Ѵov;ѴѴbmh;7|u-mv1ubr|bom-Ѵmb|vĺo;;uķbm|_;l-foub|o=11
species, genes encoding the core T6SS subunits TssI and PAAR were 
not observed to be located in the T6SS-1 gene cluster and are in-
stead present in multiple copies at other loci distributed through-
out the genome (as observed for B. cenocepacia by Aubert et al., 
2015). Curiously, the T6SS-1 gene cluster of members of the genus 
Acinetobacter lacked a copy of the core tssJ gene, as previously noted 
(Weber et al., 2013). It was also observed that several T6SS-1 clus-
ters contained insertions of one or more additional genes between 
the core genes or translocations of gene blocks, such as those in 
B. multivorans, P. acidipaludis, and R. solanacearumŐb]u;Ɛőĺ
ѵo=ƑѵՊ|ՊՊՍ SPIEWAK ET AL.
Type VI-associated genes (tag) are conserved in some T6SSs but 
not others and encode proteins related to T6SS function, such as reg-
ulators or auxiliary subunits (Aschtgen, Thomas, & Cascales, 2010; 
ovvb;|-ѴĺķƑƏƐƑĸ"_-Ѵol;|-ѴĺķƑƏƏƕĸ"bѴ;ul-m;|-ѴĺķƑƏƐƐőĺb;
tag genes were recognized as being conserved in almost all T6SS-1 
clusters. These are tagF, which encodes a post-translational regulator 
and is also present in some unrelated T6SSs such as the H1-T6SS of 
P. aeruginosa (Lin et al., 2018; Silverman et al., 2011); tagM, encoding 
a putative outer membrane-anchored lipoprotein of unknown func-
tion (Shalom et al., 2007); tagNķ;m1o7bm]-r|-|b;Ŋ-m1_oubm]
protein (Aschtgen et al., 2010); tagX, encoding a Sec-dependent 
membrane-anchored peptidoglycan hydrolase that facilitates T6SS 
sheath assembly through formation of holes in the peptidoglycan 
layer (Aubert et al., 2015; Ringel, Hu, & Basler, 2017; Weber et al., 
2016); and a previously undescribed gene referred to here as tagY.
tagY corresponds to BCAL0353 in B. cenocepacia J2315 and is 
located upstream from tagX, but in the reverse orientation in nearly 
-ѴѴ $ѵ""ŊƐ ];m; 1Ѵv|;uv Őb]u; Ɛőĺ | 7o;v mo| o11u bm mu;Ѵ-|;7
T6SS gene clusters. In most Burkholderia species, tagY is likely to 
constitute a monocistronic operon due to the presence of a putative 
Rho-independent transcription termination sequence located down-
stream from the tagY coding sequence, but in some non-Burkholderia 
species, it constitutes the first gene of a polycistronic operon that 
encodes additional T6SS-related proteins such as TssI and putative 
$Ѵ;;==;1|ouvŐb]u;Ɛőĺ$_;u;=ou;ķ$-]+bvѴbh;Ѵ|orѴ--uoѴ;bm|_;
activity of T6SS-1. It should be noted that tagM and tagY are not 
present in the Acinetobacter T6SS-1 gene cluster. As members of this 
genus also appear to lack a TssJ orthologue, they are devoid of three 
periplasmic proteins that are present in the Burkholderia-type T6SS-1 
in other species.
Analysis of the predicted protein product of tagY orthologues 
identified a putative transmembrane domain (TMD) located approx-
bl-|;ѴƔƔu;vb7;v=uol|_;Ŋ|;ulbmvĺ$_;u;]bomѴo1-|;7Ŋ|;u-
minal to the TMD contains two short conserved motifs separated 
   & !   Ɛ Պ;m;-uu-m];l;m|-m77bv|ub0|bomo=|_;uh_oѴ7;ub-$ѵ""ŊƐ];m;1Ѵv|;uĺ"1_;l-|b1u;ru;v;m|-|bomo=|_;Burkholderia 
T6SS-1 gene cluster and related gene clusters in members of the Proteobacteriaceae. The box shows the genetic organization of the 
archetype Burkholderia T6SS-1 gene cluster harbored by the indicated species, including B. cenocepacia (for reference, the B. cenocepacia 
T6SS-1 gene cluster corresponds to BCAL0337-BCAL0353 in strain J2315 and I35_RS01700-I35_RS01780 in H111, as indicated). 
Variations on the same basic theme found in other members of the Burkholderia, related genera within the β-proteobacteria (Achromobacter, 
Paraburkholderia, Ralstonia, and Rubrivivax), and some members of the γ-proteobacteria (Acinetobacter, Xanthomonas) are shown
ՊՍՊ |Պƕo=ƑѵSPIEWAK ET AL.
0ƐƏŋƐƒ-lbmo-1b7vŐrr;m7bb]u;Ɛőĺ-v;7om|_;ľrovb|b;
bmvb7; uѴ;Ŀ ŐѴo=vvomş om;bfm;ķ ƑƏƏƕőķ |_;ru;v;m1;o= -lbmo
-1b7 u;vb7;v b|_ 0-vb1 vb7; 1_-bmv bll;7b-|;Ѵ Ŋ|;ulbm-Ѵ |o
|_; $	 v]];v|v |_-| |_; Ŋ|;ulbm-Ѵ u;]bom 1omv|b||;v - vl-ѴѴ
cytoplasmically located domain. The TMD is followed by a long 
linker-like region of low complexity, which in TagY orthologues in 
the Burkholderia spp. shares homology to the RnfC barrel sandwich 
_0ub77ol-bm Ő1ѴƑѵƐƖƔőķ-7ol-bm=om7-| |_;Ŋ|;ulbmvo= |_;
RnfC electron transport complex subunit in Rhodobacter capsulatus 
Őb;];Ѵķ"1_lb7|ķom࢙Ѵ;ķşD?ѴѴ;uķƑƏƐƐĸ"1_l;_Ѵ;|-ѴĺĺķƐƖƖƒőĺ
conserved C-terminal region of ~40 amino acids that contain four 
cysteine residues was identified in most TagY orthologues (Appendix 
b]u;Ɛőĺ	;|o|_;hmomuoѴ;o=1v|;bm;|_boѴvbm-ubov1;Ѵ-
lular activities, it is possible that this part of the protein, which is 
predicted to be located in the periplasmic space, constitutes a do-
main which assembles an ironsulfur cluster. Alternatively, it may be 
involved in binding other transition metal ions such as zinc or copper, 
or act as a redox sensor.
Two additional genes are conserved in the T6SS-1 cluster of spe-
cies that are not members of the Burkholderia and Paraburkholderia 
genera. They correspond to RSp0764 and RSp0765 of R. sola-
nacearumƐƏƏƏķ !ō!"ƐƑƔƖƔ -m7!ō!"ƐƑѵƏƏo=R. gelati-
nosus IL144, XOO3320 and XOO3321 of X. oryzaeƒƐƐƏƐѶķ
AT699_RS16195, and an unannotated gene of A. arsenitoxydans 
$ƐƏѶƏƕķ -m7 +ƑƓƏƖ -m7 +ƑƓƏƔ o= A. bauman-
nii (which were previously annotated as asaB and asaC as they 
were thought to be unique to the Acinetobacter T6SS; Carruthers, 
b1_oѴvomķ$u-1ķşmvomķƑƏƐƒőĺbobm=oul-|b1-m-Ѵvbvru;7b1|v
that the first of each pair of genes encodes a protein possessing 
$	v1Ѵov; |o |_;Ŋ|;ulbmv Őrr;m7bb]u;Ƒőķ_;u;-v |_;
latter has been recognized as a putative PAAR domain-containing 
protein in A. baylyi and named accordingly (Weber et al., 2016). 
Homologues of the asaB gene (from herein referred to as tagZ) 
are also present in some, but not all Burkholderia and in a single 
Paraburkholderia species (P. bannensis), while paar is present in all 
Burkholderia and Paraburkholderia species. However, both genes 
reside outside the T6SS-1 cluster in these two genera and in some 
cases are located within a conserved gene cluster on chromosome 
1 that encodes three TssI subunits and one or more effectorim-
lmb|ruo|;bmr-buv Őrr;m7bb]u;ƒőĺ$_;];m;;m1o7bm]|_;
PAAR domain protein is located immediately upstream of tagZ in 
these T6SS-related gene clusters, as is the case where these genes 
o11ubm|_;l-bm$ѵ""ŊƐ];m;1Ѵv|;uŐb]u;Ɛőĺv-ml0;uo=|_;
Burkholderia and Paraburkholderia species possess only T6SS-1, it can 
be concluded that despite its location outside of the main T6SS-1 
gene cluster, the products of the paar-tagZ gene pair play a role in 
the activity of T6SS-1.
ƒĺƑՊ|Պ7;m|b=b1-|bomo=-m-77b|bom-ѴķbvoѴ-|;Ŋvr;1b=b1ķ
type VI secretion system in Burkholderia cenocepacia
During the bioinformatic analysis of the T6SS-1 described above, 
an additional, complete T6SS gene cluster was identified in 
B. cenocepacia strain H111, a cystic fibrosis isolate (Carlier et al., 
ƑƏƐƓĸ;bv;m0;u];u;|-ѴĺķƑƏƏƏőĺu|_;u];mol;lbmbm]u;;-Ѵ;7
that it was also present in B. cenocepaciav|u-bmvŊƔŊƒŊƒƏŊ"ƐŊ	ƕķ
(ƐƑƒƏѶķ-m7	)"ƒƕŊƑķ-m7v;;u-Ѵ-77b|bom-ѴB. cenocepacia 
isolates for which only contig or scaffold-level genomic data are 
1uu;m|Ѵ --bѴ-0Ѵ;ķ bm1Ѵ7bm]	Ƒ"ķ ƐƓѶķ -m7 $|ѴŊƒƕƐ Őv;;
Table A5 in Appendix 1 for loci). This second T6SS cluster is lo-
cated on chromosome 2 in the completely sequenced strains and 
encodes orthologues of all the core T6SS subunits, including TssI 
-m7 ! Őb]u; Ƒőĺ $_; 1Ѵv|;u v_-u;v - ];m;|b1 -uu-m];l;m|
that is similar to a T6SS cluster present in the plant pathogenic 
   & !   Ƒ Պ  Burkholderia cenocepacia H111 possesses an additional T6SS that is present in some plant-associated and human pathogenic 
bacteria. Schematic representation of a T6SS gene cluster identified in B. cenocepacia H111 (top) (I35_RS17325I35_RS17415), which has a 
similar genetic organization to the T6SS-7 cluster (also known as T6SS-a) previously identified in B. glumae!Ɛ-m7P. tuberum DUS833. 
A related T6SS cluster is also present in C. metallidurans ƒƓķƏƓƑŐ|_;$ѵ""ŊƐousci-1 cluster), and Y. pseudotuberculosis IP 32953 
(T6SS-2)
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Burkholderia species, B. glumae, and to a T6SS gene cluster pre-
sent in several Paraburkholderia species, including P. tuberum, 
which has been referred to as T6SSa (Angus et al., 2014), but for 
consistency with the established nomenclature is referred to here 
as the Burkholderia T6SS-7. Our analysis also identified T6SS-7 
clusters in some but not all isolates of other Bcc species and in 
Cupriavidus metallidurans, a species that is closely related to the 
Burkholderia/Paraburkholderia clade (Table A5 in Appendix 1 and 
b]u;Ƒőĺ
Burkholderia T6SS-7 is notable in possessing a TagL orthologue 
which serves as an auxiliary subunit that anchors the T6SS to the 
peptidoglycan (Aschtgen et al., 2010). Accordingly, the genetic orga-
nization of this T6SS gene cluster is also similar to those encoding 
TagL-dependent T6SSs present in human pathogens such as T6SS-2 
of Yersinia pseudotuberculosis, the T6SS of the uropathogenic E. coli 
v|u-bm $Əƕƒķ -m7 |_; $ѵ""ŊƐ Ő"1bŊƐ $ѵ""ő o= ;m|;uo-]]u;]-|b;
E. coli Őb]u;Ƒőĺ
Bioinformatic analysis of the T6SS-7 gene cluster also suggests 
that it encodes a phospholipase D (PLD) effector and two corre-
sponding Tli immunity proteins in members of the Burkholderiaceae. 
This particular PLD belongs to the Tle5 group of phospholipase 
effectors and is closely related to the PldB protein, PA5089, en-
coded by the H3-T6SS of P. aeruginosa that has been shown to serve 
as a transkingdom effector (Russell et al., 2013; Jiang et al., 2014; 
rr;m7bb]u;Ɠőĺ
ƒĺƒՊ|Պ$_;Burkholderia cenocepacia$ѵ""ŊƐ
bv=m1|bom-Ѵ7ubm]]uo|_m7;uv|-m7-u7
Ѵ-0ou-|ou1om7b|bomv
The presence of the core T6SS subunit, TssD, in bacterial cul-
ture supernatants is the hallmark of an active T6SS and can be 
used as a method to determine functionality of the T6SS. This 
assay was used to determine whether B. cenocepacia isolates 
possess an active T6SS-1 during growth under standard labora-
tory conditions and to validate T6SS-1 mutants prior to their use 
in bacterial competition and virulence assays described below. 
Therefore, mutants defective in the core tssA, tssK, and tssM 
components of T6SS-1 were generated in strains H111, K56-2, 
-m7 1ƕƐƔfķ -m7 $vv	 v;1u;|bom o= |_;l|-m|v-v 1olr-u;7
to that of the corresponding wild-type parent strains grown in 
broth culture.
Western blotting showed that TssD was absent in the culture 
supernatant of the tssA, tssK, and tssM mutants but present in the 
respective wild-type H111 and K56-2 supernatants consistent with 
previous results obtained using a B. cenocepacia atsR mutant (Aubert 
;|-ѴĺķƑƏƐƔĸb]u;ƒ-őĺ$_;ƐƐƐ-m7ƔѵŊƑtssM mutants were sub-
f;1|;7|o-1olrѴ;l;m|-|bom-m-Ѵvbvķ_;u;0$vv	v;1u;|bom1oѴ7
be restored in both strains by introduction of a plasmid expressing 
tssMŐb]u;ƒ0őĺ$o];|_;uķ|_;v;u;vѴ|vbm7b1-|;|_-|B. cenocepacia 
isolates H111 and K56-2 have an active T6SS-1 under standard lab-
oratory conditions.
The additional B. cenocepaciabvoѴ-|;-m-Ѵ;7ķ1ƕƐƔfŐ-m7b|v
T6SS-deficient derivatives), was unable to secrete TssD into the 
extracellular milieu, despite detection of this protein in whole-cell 
;|u-1|v Őb]u; ƒ-őķ bm7b1-|bm] |_-| $vv	 -v 0;bm] ;ru;vv;7
but that the T6SS-1 was incapable of firing and/or assembly in 
this strain. Whole-genome sequencing of our laboratory stock 
o= 1ƕƐƔf bm7b1-|;7 |_-| -m " ;Ѵ;l;m| -v bmv;u|;7 bm|o |_;
tssM gene. The IS element exhibited homology to the ISUmu23 
insertion sequence found in the Bcc-specific phage KS5 (Lynch, 
Stothard, & Dennis, 2010), and its insertion into the tssM coding 
sequence was predicted to result in production of a nonfunctional 
truncated form of the TssM subunit that lacked the C-terminal 447 
amino acids.
The role of the candidate post-translational regulatory protein, 
TagY, in T6SS-1 activity was also explored by inactivating the tagY 
gene in strain H111. However, no significant difference in TssD se-
cretion was observed between the wild-type and the mutant strains 
(results not shown). These results could be explained if TagY acts to 
further upregulate the system in response to an unknown signal that 
is not present under the assay conditions.
   & !   ƒ Պ  Burkholderia cenocepacia T6SS-1 is active under standard laboratory conditions. Secretion activity of B. cenocepacia T6SS-1 
bmb|uoĺm|bŊ$vv	bllmo0Ѵo|-vr;u=oul;7omruo|;bmv;|u-1|;7=uol1Ѵ|u;vr;um-|-m|vŐ"ő-m71;ѴѴŊ-vvo1b-|;7ruo|;bmvŐőo=
B. cenocepacia bѴ7Ŋ|r;Ő)$őv|u-bmvƐƐƐķƔѵŊƑķ-m71ƕƐƔfķ-m71ouu;vrom7bm]$ѵ""ŊƐl|-m|vŐtssA::Tp, tssK::Tp, tssM::Tp, and/or ΔtssM) 
(a) and the H111 and K56-2 WT and ΔtssM or tssM::Tp strains carrying a complementation or empty control plasmid (pBBR1-tssM(+) and 
pBBR1MCS (pBBR1), respectively) (b). Anti-βŊ!-m|b0o7-vv;7-v-mbm7b1-|ouo=0-1|;ub-Ѵ1;ѴѴѴvbvbmru;r-u-|bomvĺ"1-Ѵ;v-m7
labels as indicated. The H111 tssA::Tp mutant was included as a control
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ƒĺƓՊ|ՊBurkholderia cenocepacia$ѵ""ŊƐ;_b0b|v
-m|b0-1|;ub-Ѵ-1|bb|
It has been demonstrated that the T6SS can target effector proteins 
to other bacteria, thereby helping the organism to compete more ef-
fectively against other bacterial species in its growth environment. 
However, to date, the antibacterial nature of the T6SS-1 in any mem-
ber of the Bcc has not been reported. Therefore, we addressed the 
role of the T6SS-1 in the ability of B. cenocepacia to compete effec-
tively with other bacterial species.
As basal-level TssD secretion appeared to be greater in B. ceno-
cepacia ƐƐƐ|_-mbmv|u-bmƔѵŊƑŐb]u;ƒ-őķ|_;=oul;u-v1_o-
sen to evaluate the role of the T6SS-1 in competition in this species. 
Strains H111 and H111-ΔtssM were used as attackers in a bacte-
ub-Ѵ 1olr;|b|bom ;r;ubl;m| -]-bmv| u-lŊm;]-|b; ľru;Ŀ vr;1b;v
Pseudomonas putida KT2440, Escherichia coli CC118(λpir), and E. coli 
SM10(λrbuőĺoѴѴobm]1o1Ѵ|b-|bom=ou=ou_ouvomvoѴb7l;7blķ
viable prey bacteria were enumerated and the number that survived 
attack by the wild-type and mutant attackers were compared.
ou-ѴѴ|_u;;ru;v|u-bmv|;v|;7ķ|_;ml0;uo=u;1o;u;7vu-
viving prey bacteria was significantly lower (by one to two orders of 
magnitude) when they were cocultured with the wild-type attacker 
strain in comparison with no attacker, demonstrating that B. ceno-
cepacia can restrict the growth of E. coli and P. putida Őb]u;Ɠ-őĺ
u|_;ulou;ķ =oѴѴobm]1o1Ѵ|u;b|_ |_;ΔtssM attacker strain, 
the number of surviving prey bacteria was similar to those ob-
v;u;7_;mmo-||-1h;u-vru;v;m|Őb]u;Ɠ-őĺ$_;ml0;uo=
recoverable attacking H111 bacteria was similar for both the WT 
and T6SS mutant strains and was unaffected by coculture with 
-ѴѴ ru; v|u-bmv Őrr;m7b b]u; Ɣőĺ $o -Ѵb7-|; |_;v; u;vѴ|vķ
a complementation experiment was performed using the E. coli 
SM10(λpir) strain as the prey. The antibacterial activity of the tssM 
mutant attacker toward the E. coli strain could be restored to wild-
type levels by introduction of a plasmid expressing tssM into the 
l|-m| -||-1h;u v|u-bm Őb]u; Ɠ0őĺ $_;v; 7-|- v|uom]Ѵ v]];v|
that the T6SS-1 in B. cenocepacia has antibacterial properties.
ƒĺƔՊ|ՊBurkholderia cenocepacia$ѵ""ŊƐbvmo|u;tbu;7
=oubuѴ;m1;bm;h-uo|b1lo7;Ѵvo=bm=;1|bom
Several eukaryotic infection models have been used to identify viru-
lence factors of B. cenocepacia, including the nematode C. elegans, 
larvae of the waxmoth G. mellonella, and zebrafish embryos (Seed 
& Dennis, 2008; Uehlinger et al., 2009; Vergunst et al., 2010). To 
   & !   Ɠ Պ The Burkholderia cenocepacia T6SS-1 plays a role in bacterial competition. (a) Recovery of viable P. putida, E. coli SM10(λpir) 
and E. coli CC118(λrbuőŐbm&ņlѴőľru;Ŀv|u-bmv=oѴѴobm]1o1Ѵ|u;b|_|_;bm7b1-|;7B. cenocepacia H111 attacker strains for 4 hr at 
30°C. (b) Comparison of recovery of E. coli SM10(λpir) prey following coculture with B. cenocepacia H111 WT or ΔtssM mutant attacker 
v|u-bmv1-uubm]1olrѴ;l;m|-|bomou1om|uoѴrѴ-vlb7vr!ƐŊ|vvŐƳőŐľr|vvĿő-m7r!Ɛ"Őľr!ƐĿőķu;vr;1|b;Ѵĺmƾƒ-m7;uuou0-uv
indicate SD
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ascertain the contribution of T6SS-1 to the virulence of B. cenoce-
pacia, we utilized all three of these infection models. Comparison of 
the survival of C. elegans infected with B. cenocepacia strain H111 
and its tssA and tssK mutant derivatives for 48 and 72 hr showed 
that the wild-type and mutant strains exhibited a similar killing ef-
=b1b;m17ubm]0o|_|bl;r;ubo7vŐb]u;Ɣ-őĺtssA and tssM mutants 
of strain K56-2 were used to explore the role of T6SS-1 in virulence 
toward G. mellonella larvae and zebrafish embryos. Comparison of 
the survival of G. mellonella following infection with these mutants 
demonstrated that they were able to kill the larvae as effectively 
as the wild-type strain at 24 hr postinfection, whether high or low 
0-1|;ub-Ѵ Ѵo-7v ;u; ;lrѴo;7 ŐƓƵƐƏ4 -m7 ƓƵƐƏ2 &ņѴ-u-;ķ
u;vr;1|b;Ѵőķ Őb]u; Ɣ0őĺ)bѴ7Ŋ|r;ƔѵŊƑ -m7 b|v $ѵ""ŊƐl|-m|
derivatives were also found to be similarly virulent in the zebrafish 
model, both in terms of mortality and multiplication of the bacteria 
bm |_; _ov| Őb]u; Ɣ1őĺ $-h;m |o];|_;uķ |_;v; u;vѴ|v v]];v| |_-|
the T6SS-1 in B. cenocepacia is primarily used to target other bac-
terial species. Although T6SS-1 does not significantly contribute to 
   & !   Ɣ Պ The Burkholderia cenocepacia T6SS-1 is not required for virulence toward eukaryotes. (a) Percentage survival of C. elegans 
following 48-hr (white bars, left) and 72-hr (black bars, right) infection with the indicated B. cenocepacia H111 strains at 20°C. Twenty to 40 
worms were used per condition. E. coliƔƏ-vv;7-v-m;]-|b;1om|uoѴĺ-1_robm|bm7b1-|;vl;-mŐn = 3), and error bars indicate SD. 
Ő0ő;u1;m|-];vub-Ѵo=-lo|_Ѵ-u-;=oѴѴobm]ƑƓŊ_ubm=;1|bomb|__b]_ŐƐƵƐƏ4őŐѴ;=|ő-m7ѴoŐƐƵƐƏ2) (right) doses of B. cenocepacia 
K56-2 (WT) and indicated mutant strains at 37°C. Thirty larvae were infected per condition. Uninfected (UI), heat-killed B. cenocepacia WT 
Őőķ-m7lo1hŊbm=;1|;7Ő"ő1om|uoѴv;u;bm1Ѵ7;7ĺ-1_robm|bm7b1-|;vl;-mѷvub-ѴŐn = 3), and error bars indicate SD. (c) Zebrafish 
;l0uov;u;lb1uobmf;1|;7b|_ŜƐƏƏ&o=bm7b1-|;7B. cenocepaciaƔѵŊƑv|u-bmv-m7h;r|-|ƑѶŦbmbm7bb7-Ѵ;ѴѴv1om|-bmbm]ƒ
medium. About 20 embryos were used for determination of survival percentage over time (representative experiment shown on the left), 
and five embryos per indicated time point were used to determine recovery of viable B. cenocepacia K56-2 counts (n = 5 per time point per 
experiment, geometric mean; right-hand graph, showing summary of two independent experiments). ns: not significant
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virulence in the eukaryotic models tested here, it is possible that it 
may have an impact in other systems.
ƒĺѵՊ|ՊmvbѴb1ob7;m|b=b1-|bomo=r|-|b;$ѵ""Ŋ
7;r;m7;m|;==;1|ouvbmB. cenocepacia
The T6SS-1 cluster in B. cenocepacia encodes no obvious T6SS-de-
pendent effectors. However, an earlier bioinformatics survey of the 
B. cenocepacia K56-2 genome identified ten TssI proteins encoded 
at other locations within the genome, of which two (BCAL1359 and 
BCAS0667) contain C-terminal effector domains (Aubert et al., 2015). 
Here, using what is known from previously characterized T6SS-de-
pendent effectors, coupled with bioinformatic tools, we have identi-
fied additional putative T6SS-dependent non-TssI effectors and their 
cognate immunity proteins encoded by the B. cenocepacia genome. 
As T6SS-dependent effector genes in other species are often located 
within close proximity to tssI genes (Lien & Lai, 2017), we used the 
predicted amino acid sequences of protein products encoded within 
close proximity to the ten intact tssI genes and one disrupted tssI gene 
(BCAL2503) present within the B. cenocepacia J2315 genome as que-
ries in BLASTP searches to identify putative functional domains and 
homology to proteins belonging to established T6SS effector super-
=-lbѴb;vŐrr;m7bb]u;ѵőĺ$;Ѵ;r|-|b;$ѵ"";==;1|ouv;u;
identified using this approach, with each of the tssI clusters in B. ceno-
cepacia J2315 encoding at least one putative effector. Of the putative 
effectors identified, six were predicted to be phospholipases (encoded 
by BCAL1296, BCAL1358, BCAL1366, BCAL2277, BCAM0046, and 
BCAM0149), five of which belong to the Tle antibacterial effector 
superfamily (Russell et al., 2013). Of the six remaining effectors, one 
is a predicted peptidoglycan hydrolase (BCAL1166), two were identi-
fied as putative nuclease effectors (BCAL1298 and BCAS0663), of 
which the latter contains RHS repeats, an additional RHS repeat pro-
|;bmŐƑƑƔƒő1om|-bmbm]-!"Ŋ|r;	+ glycohydrolase CTD 
Ő"hf;umbm]ķ";mbvv-uķ)bm|_;uķ;u7;vķşuo7;uv;mķƑƏƐѶőķ-m7|o
homologues of the antibacterial pore-forming toxin Tse4 (BCAL1292 
and BCAL2505; Whitney et al., 2014; LaCourse et al., 2018) were 
also identified. An additional putative T6SS effector was identified 
by using homologues of the Tae peptidoglycan hydrolase T6SS effec-
tor superfamilies as queries to search the entire translated genome 
of B. cenocepacia, resulting in identification of a Tae4-Tai4 effector 
immunity pair (BCAM1464-BCAM1465) located away from a tssI 
];m; 1Ѵv|;uĺ u|_;u 7;|-bѴv o= |_; r|-|b; $ѵ"" ;==;1|ouv b7;m|b-
fied in these searches are included in Table A6 in Appendix 1, which 
includes the specific domains identified and putative immunity pro-
teins. It should be noted that the previously described TecA effector 
(Aubert et al., 2016) is not encoded within a tssI gene cluster and was 
not independently identified in our analysis.
ƓՊ |Պ	"&""
Although some species of bacteria, such as S. marcescens and V. chol-
erae V52, do exhibit high basal levels of T6SS activity during growth 
bm Ѵ-0ou-|oul;7b- Ő;u1 ;| -Ѵĺķ ƑƏƐƔĸ-1m|u; ;| -Ѵĺķ ƑƏƐƏőķ bm
other cases the T6SS is observed to be inactive (Burtnick et al., 2011; 
Mougous et al., 2006; Zheng, Shin, Cameron, & Mekalanos, 2010), 
necessitating the use of bacterial strains that have a constitutively 
active T6SS in order to investigate the functional role of the system 
and aid in the identification of T6SS-dependent substrates (Hood et 
al., 2010; Russell et al., 2011). Here, we demonstrate that the T6SS-1 
of B. cenocepacia is active under standard laboratory conditions with 
sufficient basal activity to allow detection of TssD in concentrated 
culture supernatant by immunoblotting. This observation is consist-
ent with a previous proteomic study in which a protein identified as 
hemolysin-coregulated protein (i.e., Hcp or TssD) was detected in 
|_;;|u-1;ѴѴѴ-u=u-1|bomo=v|u-bmƐƐƐ|_uo]_ƑŊ	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spectrometry which was not recognized as a T6SS subunit at the time 
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also consistent with an investigation that demonstrated TssD secre-
tion in strain K56-2 could be increased upon inactivation of a global 
virulence regulator, atsR (Aubert et al., 2008). This study showed the 
presence of very small amounts of a protein corresponding in size to 
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was confirmed by mass spectrometry rather than immunoblotting, 
as in our study. Moreover, the low abundance of this protein in the 
secreted fraction led the authors to consider the T6SS activity to be 
insufficient to use the wild-type strain in further investigations into 
the role of the T6SS in B. cenocepacia. It is possible that our method 
of sample preparation and detection in wild-type K56-2 was more 
sensitive than that used in the Aubert and co-workers study.
The role of the T6SS in interspecies and intraspecies bacterial 
competition has been recognized as a prominent feature of the sys-
tem in a variety of T6SS-containing bacteria, including P. aeruginosa, 
V. cholerae, and S. marcescens (Hood et al., 2010; MacIntyre et al., 
2010; Murdoch et al., 2011). In this study, we provide evidence to 
support a role for the B. cenocepacia T6SS-1 in competition against 
two bacterial species, P. putida and E. coli. We have also identified an 
arsenal of potential antibacterial cargo effectors that could be de-
livered by T6SS-1, notably including peptidoglycan hydrolases. The 
additional T6SS cluster we identified in B. cenocepacia H111 (T6SS-7) 
is very unlikely to function in bacterial competition under the con-
ditions tested, as the bacterial competition experiments performed 
in this study indicated that the level of prey survival was the same in 
the presence of a mutant attacker with an inactive T6SS-1 as it was 
when there was no B. cenocepacia -||-1h;uv|u-bmru;v;m|Őb]u;Ɠ-őĺ
Our results are consistent with observations in other species that 
encode a Burkholderia T6SS-1-type secretion system. This includes 
the T6SS-1 in B. thailandensis, which was found to be the sole T6SS 
cluster involved in bacterial competition (Schwarz et al., 2010), and 
the T6SS-1 homologue in Acinetobacter spp. that was shown to con-
tribute to interbacterial competition (Basler, Ho, & Mekalanos, 2013; 
Carruthers et al., 2013; Repizo et al., 2015; Weber et al., 2016). 
They are also consistent with recent observations in the related 
Paraburkholderia species P. phymatum, where two non-T6SS-1-type 
secretion systems (T6SS-3 and T6SS-b (T6SS-8)) were found to be 
responsible for interbacterial competition against β-rhizobia strains 
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in vitro and as a consequence were less efficient in root nodulation 
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The H1-T6SS in P. aeruginosa PAO1 is thought to be triggered by 
attacks from the T6SS (or T4SS) of neighboring cells as a defensive 
strategy (Basler & Mekalanos, 2012; Basler et al., 2013; Ho, Basler, 
& Mekalanos, 2013). As a result, P. aeruginosa does not display a fit-
ness advantage over T6SS-deficient competing species (Basler et 
al., 2013). The T6SSs in S. marcescens Db10 and V. cholerae V52, on 
the other hand, fire indiscriminately and do not require activation 
from a neighboring attacking bacterium, and thereby confer a fit-
m;vv-7-m|-];om|_;_ov|0-1|;ubl-]-bmv|-ubovu-lŊm;]--
tive competitor species, such as a E. coli, Salmonella typhimurium, and 
Pseudomonas fluorescens Ő;u1;|-ѴĺķƑƏƐƔĸ-1m|u;;|-ѴĺķƑƏƐƏőĺ
Here, we demonstrate that the T6SS-1 confers a fitness advantage 
on B. cenocepacia over both T6SS-positive (P. putida KT2440) and 
T6SS-negative (E. coli SM10(λpir)) bacterial species. This may sug-
gest that, like S. marcescens and V. cholerae, the T6SS-1 in B. cenoce-
pacia is constitutively active and its activation is not stimulated by 
external T6SS attacks, which is also supported by the evidence of 
T6SS activity in wild-type strains of B. cenocepacia H111 and K56-2 
under standard laboratory conditions. This would provide additional 
support for the idea that the defensive regulatory strategy used by 
P. aeruginosabv-|rb1-Ѵ-lom]$ѵ""vŐ;u1;|-ѴĺķƑƏƐƔőĺm-77b|bomķ
one of the T6SSs in P. putida KT2440 has been shown to be highly 
efficient at killing phytopathogens such as X. campestris and P. syrin-
gaeŐ;um-ѴķѴѴvorrķ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indicate that B. cenocepacia survival is unaffected by the presence of 
P. putida. The constitutive activity of the T6SS-1 we have observed 
in B. cenocepacia may account for this, where B. cenocepacia may 
be able to subvert P. putida before P. putida can attack with its own 
T6SS. Alternatively, B. cenocepacia may be immune to the T6SS activ-
ity of P. putida due to the presence of T6SS immunity proteins with 
interspecies reactivity, as seen for some Tae-Tai and Tse-Tsi effec-
torsimmunity pairs in other species (Russell et al., 2012).
In comparison with the antibacterial T6SSs of other species, the 
fitness advantage of B. cenocepacia over the prey species tested is 
notably less than that observed in several other attacker species, in-
cluding P. aeruginosa, V. cholerae, and S. marcescens. In these species, 
an active T6SS is responsible for 1,000- to 100,000-fold reduction 
in the number of recovered prey bacteria in a bacterial competition 
assay (Hood et al., 2010; MacIntyre et al., 2010; Murdoch et al., 
2011), whereas we only observed a modest 10- to 58-fold reduction. 
$_bvo0v;u-|boml-0;7;|ov;;u-Ѵu;-vomvĺou;-lrѴ;ķ$ѵ""
expression and activity may be lower in B. cenocepacia than these 
other T6SS-positive strains, the prey strains used in our competition 
assay may produce their own antibacterial factors (such as bacterio-
cins, siderophores, or effectors secreted by other systems), or there 
may be inherent differences in growth rates between B. cenocepacia 
and the prey species. However, upon enumerating the B. cenocepa-
cia attacker species in our bacterial competition assays, we found 
that B. cenocepacia survival was not affected by coculture with the 
ru; vr;1b;v Őrr;m7b 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prey used here may have immunity toward specific T6SS effectors 
due to cross-reacting T6SS-immunity proteins between species 
(Russell et al., 2012). It is possible that by screening a larger panel 
of bacterial species, a species may be identified that is more suscep-
tible to the T6SS-1-dependent antibacterial activity of B. cenocepa-
cia. Moreover, as the T6SS-1 cluster harbors a number of genes that 
potentially encode post-translational regulators (i.e., tagF, tagM, and 
tagY), this system may have the capacity to be further upregulated 
under certain conditions.
The B. cenocepacia T6SS-1 was first implicated in virulence to-
ward eukaryotes in a signature-tagged mutagenesis (STM) study 
carried out in a rat model of chronic lung infection in which trans-
poson insertions within the T6SS-1 gene cluster were associated 
with impaired survival of the bacterium (Hunt et al., 2004). In subse-
quent studies, this group demonstrated that the T6SS-1 contributes 
toward cytoskeletal rearrangements and inflammasome activation 
in B. cenocepaciaŊbm=;1|;7l-1uor_-];v |_uo]__ov|!_o$-v;
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2009; Rosales-Reyes et al., 2012; Xu et al., 2014). In contrast to the 
reported impaired survival of T6SS mutants during rat lung infec-
tion (Hunt et al., 2004), more recent evidence suggests that the T6SS 
may contribute to a pyrin inflammasome-dependent innate immune 
response that promotes lung tissue inflammation and bacterial clear-
ance in a mouse infection model (Aubert et al., 2016; Xu et al., 2014). 
The study by Aubert and co-workers presented data to show that a 
putative T6SS effector was responsible for this mechanism.
We have tested several T6SS-inactive strains of B. cenocepacia in 
three eukaryotic hostpathogen models, nematodes, larvae of the 
wax worm, and zebrafish larvae (Seed & Dennis, 2008; Uehlinger 
et al., 2009; Vergunst et al., 2010). We found no significant differ-
ence in host survival rates in comparison with infection with the WT 
strain in any of these infection models, suggesting that the T6SS-1 
in B. cenocepacia does not have a functional role in pathogenicity. Of 
note, we have performed our assays in the presence of a functional 
atsR, so the T6SS is not constitutively upregulated as occurs in the 
absence of AtsR, and instead activation above basal levels would de-
pend on the presence of the appropriate stimulus (as yet unknown) 
in any of the model systems. Therefore, the T6SS is either not ex-
pressed in these models in the presence of AtsR, or does not con-
tribute to a significant host-induced protective immune response, as 
seen in mice (Aubert et al., 2016; Xu et al., 2014). We cannot exclude, 
however, that in the absence of atsR, a measurable effect on viru-
lence could be detected.
To conclude, we have carried out a bioinformatic and functional 
analysis of the T6SS-1 in the Bcc species B. cenocepacia. We have 
shown that it is encoded on the large chromosome in nearly all 
Burkholderia species, unlike the other T6SSs associated with mem-
bers of this genus, which are not conserved in all species and are 
usually specified by chromosome 2. Therefore, T6SS-1 can be con-
sidered as the ancestral Burkholderia T6SS and may serve as a marker 
for this genus. We also showed that T6SS-1 was constitutively active 
in two representative clinical strains and could be used to compete 
against other bacterial species, including P. putida and E. coli. This is 
the first demonstration that T6SS-1 in a Bcc member plays a role in 
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tive bacteria that use the T6SS for this purpose. The natural reservoir 
of B. cenocepacia is within the environment, particularly in the soil 
around plant root systems where many other bacteria compete to 
establish themselves. It is therefore unsurprising that B. cenocepa-
cia has evolved a mechanism for competitive fitness against other 
bacteria, in a similar manner to other ubiquitous Burkholderia and 
Paraburkholderia species (de Campos et al., 2017; Schwarz et al., 
ƑƏƐƏőĺ |u; ouh bѴѴ Ѵooh |o b7;m|b= -m7 1_-u-1|;ub; |_; v;-
creted components responsible for the T6SS-dependent antibacte-
rial activity of B. cenocepacia.
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et al., 2010).
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Table A1. Bacterial strains and plasmids used in this study
"|u-bmourѴ-vlb7 ;mo|r;ou7;v1ubr|bom
Source or 
reference
Escherichia coli strains
JM83 ƴ ara Δ(lac-proAB) rpsL ϕ80dlacZΔM15 (SmR) (Yanisch-Perron 
et al., 1985)
SM10(λpir) thi-1 thr leu tonA lacY supE recA::RP4-2-Tc::Mu (KmR) (λpir) (Simon et al., 1983)
S17-1(λpir) thi proA hsdR recA RP4-2-tet::Mu-1 kan::Tn7 integrant (TpR, 
SmR) (λpir)
(Simon et al., 1983)
CC118(λpir) araD139 Δ(ara-leu)7697 ΔlacX74 galE galK phoA20 thi-1 rpsE 
argE(am) recA1 λpir rpoB (Rf
R)
(Herrero et al., 
1990)
OP50 E. coli B uracil auxotroph; food source for C. elegans (Brenner, 1974)
Pseudomonas putida strains
KT2440 Spontaneous r- derivative of mt-2 (Bagdasarian et al., 
1981)
Burkholderia cenocepacia strains
H111 bvoѴ-|; Ő!D?lѴbm];|-Ѵĺķ
1994)
K56-2 bvoѴ-|;ķ$ƐƑѴbm;-]; (Mahenthiralingam 
et al., 2000)
1ƕƐƔf vr|lbvoѴ-|;ķ$ƐƑѴbm;-]; (McKevitt et al., 
1989; Darling 
et al., 1998)
H111-tssA::Tp H111 with tssA disrupted by dfrB2 cassette (TpR) (Dix et al., 2018)
H111-tssK::Tp H111 with tssK disrupted by dfrB2 cassette (TpR) This study
H111-tssM::Tp H111 with tssM disrupted by dfrB2 cassette (TpR) This study
H111-ΔtssM H111 with an in-frame deletion of the internal XhoI fragment 
of tssM
(Dix et al., 2018)
H111-tagY::Tp H111 with tagY disrupted by dfrB2 cassette (TpR) This study
K56-2-tssA::Tp K56-2 with tssA disrupted by dfrB2 cassette (TpR) This study
K56-2-tssM::Tp K56-2 with tssM disrupted by dfrB2 cassette (TpR) This study
1ƕƐƔfŊtssA::Tp 1ƕƐƔfb|_tssA disrupted by dfrB2 cassette (TpR) This study
1ƕƐƔfŊtssK::Tp 1ƕƐƔfb|_tssK disrupted by dfrB2 cassette (TpR) This study
1ƕƐƔfŊtssM::Tp 1ƕƐƔfb|_tssM disrupted by dfrB2 cassette (TpR) This study
Plasmids
pBBR1MCS Mobilizable BHR cloning vector, pBBR1-replicon (CmR) (Kovach et al., 
1994)
pBluescriptII KS (+) ;m;u-Ѵ1Ѵombm];1|ouķoѴƐŊ7;ub;7r_-];lb7ķlacZα MCS 
(ApR)
(Alting-Mees and 
Short, 1989)
rƒƓŊ$r rƒƓ1om|-bmbm]dfrB2 gene (ApR, TpR) (DeShazer and 
Woods, 1996)
r"$Ƒ Suicide vector, R6K-derived replicon, oriT+ (ApR, CmR) (Shastri et al., 
2017)
pBBR1-tssK pBBR1MCS containing tssK from B. cenocepacia H111 cloned 
between HindIII and BamHI (CmR)
This study
pBBR1-tssM r!Ɛ"ŊƐ1om|-bmbm]ƐĺƑh0rŊ|;ulbm-Ѵ=u-]l;m|o=tssM 
from B. cenocepacia H111 cloned between XbaI and XhoI 
(CmR)
This study
pBBR1-tssM(+) pBBR1MCS containing full-length tssM from B. cenocepacia 
H111 cloned between Acc65I and XbaI (CmR)
This study
pBluescriptII-tagY pBluescriptII containing tagY from B. cenocepacia H111 cloned 
between BamHI and XhoI sites (ApR)
This study
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"|u-bmourѴ-vlb7 ;mo|r;ou7;v1ubr|bom
Source or 
reference
pBBR1-tssK::Tp pBBR1MCS containing tssK disrupted by dfrB2 cassette at 
EcoRI site in same orientation as tssK (CmR, TpR)
This study
pBBR1-tssM::Tp pBBR1MCS containing tssM disrupted by dfrB2 cassette at 
BamHI site in reverse orientation as tssM (CmR, TpR)
This study
pBluescriptII-tagY::Tp pBluescriptII containing tagY disrupted by the dfrB2 cassette at 
ZraI site in the same orientation as tagY (ApR)
This study
r"$ƑŊtssA::Tp r"$Ƒ1om|-bmbm]tssA::Tp allele from pBBR1-tssA::Tp cloned 
between XhoI and NotI (ApR, CmR, TpR)
(Dix et al., 2018)
r"$ƑŊtssK::Tp r"$Ƒ1om|-bmbm]tssK::Tp allele from pBBR1-tssK::Tp cloned 
between XhoI and NotI (ApR, CmR, TpR)
This study
r"$ƑŊtssM::Tp r"$Ƒ1om|-bmbm]tssM::Tp allele from pBBR1-tssM::Tp 
cloned between XhoI and NotI (ApR, CmR, TpR)
This study
r"$ƑŊtagY::Tp r"$Ƒ1om|-bmbm]tagY::Tp allele from pBluescriptII-tagY::Tp 
cloned between SalI and XbaI (ApR, CmR, TpR)
This study
00u;b-|bomvĹ ApR, ampicillin-resistant; CmR, chloramphenicol-resistant; KmR, kanamycin-resistant; RfR, rifampicin-resistant; SmR, strepto-
mycin-resistant; TcR, tetracycline-resistant; TpR, trimethoprim-resistant; BHR, broad host range.
Table A2. Primers used in this study
Primer ID ubl;uv;t;m1;a
iotAfor ƔĽŊ$$$$$$
iotArev2 ƔĽŊ$$$
tssKfor ƔĽŊ$$$$$$$
tssKrev ƔĽŊ$$$$$$
tssK-OPfor ƔĽŊ$$$$$
tssK-OPrev ƔĽŊ$
tssMfor ƔĽŊ$$$$$$
tssMrev ƔĽŊ$$$$$$$$$$
tssMforAcc65I ƔĽŊ$$$$$
tssMrevXbaI ƔĽŊ$$$$$$$$$$
tssM-OPfor ƔĽŊ$$$$$$
tssM-OPrev ƔĽŊ$$$$
tagYfor ƔĽŊ$$$$$
tagYrev ƔĽŊ$$$$$
tagY-OPfor ƔĽŊ$$$$$$$
tagY-OPrev ƔĽŊ$$$$$
aSequences specifying restriction endonuclease cleavage sites are underlined.
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Table A3. T6SS-1 gene loci in the Burkholderia genus
Species Strain _ub Locusa Ѵ7Ѵo1vņ-Ѵb-va
Burkholderia cepacia 1olrѴ;
B. ambifaria AMMD 1 BAMB_RS01920-BAMB_RS02010 Bamb_0377-Bamb_0395
B. anthina AZ-4-2-10-S1-D7 1 WS64_RS00645-WS64_RS00755 WS64_00645-WS64_00755
B. catarinensis 89 n/a ƖƓōƑѵƑƕƔŊƖƓōƒƔƒƔƔ n/a
B. cenocepacia J2315 1 QU43_RS38220-QU43_RS38300 BCAL0337-BCAL0353
B. cepacia UCB 717 1 APZ15_RS05925-APZ15_RS06005 APZ15_05925-APZ15_06005
B. contaminans 170816 1 C3743_RS13835- C3743_RS13945 C3743_28295-C3743_28405
B. diffusa !ƑŊmomŊƖ 1 WI26_RS01890-WI26_RS01990 WI26_01890-WI26_01990
B. dolosa AU0158 1 AK34_RS26290-AK34_RS26210 AK34_2669-AK34_2653
B. lata 383 1 ƐѶƐƖƓō!"ƏƕѶƕƏŊƐѶƐƖƓō
RS07970
Bcep18194_A3555-Bcep18194_
A3577
B. latens AU17928 1 WK25_RS00385-WK25_RS00305 WK25_00385-WK25_00305
B. metallica ŊѵŊƔŊƒƏŊ"ƐŊ	ƕ 1 WJ16_RS01935-WJ16_RS02050 WJ16_01935-WJ16_02050
B. multivorans ATCC 17616 1 BMULJ_RS01495-BMULJ_RS01645 BMULJ_00300-BMULJ_00329
B. paludis MSh1 n/a  ƔѵōƏƐƑƒƔƐƏŊ ƔѵōƏƐƑƒƓƒƏ n/a
B. pseudomultivorans "&Ŋ$ƑƒŊƑ 1 WS57_RS19835-WS57_RS19915 WS57_19795-WS57_19875
B. puraquae CAMPA 1040 n/a ƕƔƓō!"ƒƒƑƐƏŊƕƔƓō!"ƒƒƐƒƏ ƕƔƓōƒƒƐƖƔŊƕƔƓōƒƒƐƐƔ
B. pyrrocinia DSM 10685 1 ABD05_RS07950-ABD05_RS08030 ABD05_07950-ABD05_08030
B. seminalis ŊƔŊƓŊƐƏŊ"ƐŊ	ƕ 1 WJ12_RS01985-WJ12_RS02085 WJ12_01985-WJ12_02085
B. stabilis ATCC BAA-67 1 BBJ41_RS12095-BBJ41_RS12210 BBJ41_12095-BBJ41_12210
B. stagnalis MSMB735 1 WT74_RS02265-WT74_RS02350 WT74_02260-WT74_02345
B. territorii !ѶŊmomŊƔ 1 WS51_RS12720-WS51_RS12820 WS51_12715-WS51_12815
B. ubonensis MSMB22 1 BW23_RS21305-BW23_RS21205 BW23_1274-BW23_1254
B. vietnamiensis Ɠ 1 ƐѶƏѶō!"ƏƑƑѵƔŊƐѶƏѶō
RS02350
Bcep1808_0456-Bcep1808_0473
Burkholderia pseudomallei]uor
B. humptydooensis MSMB122 1 WS76_02215-WS76_02295 n/a
B. malleic $ƐƏƑƑƖ 1 BMA10229_RS17595-BMA10229_
RS17645
BMA10229_A1710-BMA10229_
A1720
B. oklahomensis ƐƓƕ 1 DM82_RS14115-DM82_RS14035 DM82_2790-DM82_2774
B. pseudomallei K96243 1 BPSL3111-BPSL3095 AQ15_RS22375-AQ15_RS22455
B. thailandensis ƑƔƓ 1 BTH_RS27330-BTH_RS27250 BTH_I2968-BTH_I2951
B. singularis ƑѶƐƔƓ - -
_|or-|_o];mv
B. gladioli ATCC 10248 1 BM43_RS25670-BM43_RS25750 BM43_1793-BM43_1809
B. glumae !Ɛ 1 &ō!"ƏƐƖƑƔŊ&ō!"ƏƑƏƏƔ bglu_1g03850-bglu_1g04010
B. plantarii ATCC 43733 1 bpln_RS01775-bpln_RS01855 bpln_1g03440-bpln_1g03600
00u;b-|bomvĹ Chr, chromosome; n/a, not applicable; -, not present.
a;m;Ѵo1bu;=;u|o|_;=buv|ŐtssL) and last (tagYő];m;vbm|_;$ѵ""ŊƐ];m;1Ѵv|;ubm|_;v;vr;1b;v-vv_ombmb]u;Ɛĺ
bIf n/a is stated, chromosome location was not available as the loci coordinates were obtained from draft assemblies consisting of contigs.
cTruncated cluster that lacks tssL-tssD.
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Table A4. Paraburkholderia species containing homologous loci of the Burkholderia T6SS-1 cluster identified through bioinformatics 
analysis
Species Strain _ub Locusa Ѵ7Ѵo1vņ-Ѵb-va
P. acidipaludis !ƐƏƐѶƐѵ n/a BAC01S_RS24625-BAC01S_RS24720 n/a
P. aspalathi ƑƕƕƒƐ n/a BM438_RS23205-BM438_RS23285 "ƏƔƐƖƑƔѵƒōƐƏƐѵƔƒŊ
"ƏƔƐƖƑƔѵƒōƐƏƐѵѵƖ
P. bannensis !ƐƏƒѶƕƐ n/a BBA01S_RS03935-BBA01S_RS03850 n/a
P. bryophila ƒƕѵ"_-ƒĺƐ n/a H281_RS0127575-H281_RS0127655 n/a
P. caledonica !ƐƏƑƓѶѶ n/a BCA01S_RS25625-BCA01S_RS25545 n/a
P. caribensis DSM 13236 3 C2L66_RS31465-C2L66_RS31545 C2L66_31465-C2L66_31545
P. caryophylli Ballard 720 n/a C0Z17_RS09175-C0Z17_RS09265 C0Z17_09180-C0Z17_09270
P. dilworthii WSM3556 n/a ƕƔƖō!"ƏƐƐƐѶѶƔŊƕƔƖō!"ƏƐƐƐƖƕƏ n/a
P. eburnea ƑƖƔƒƕ n/a BX588_RS11555-BX588_RS30870 BX588_10514-BX588_1421
P. fungorum "ƐƏѵ n/a BLS41_RS32405-BLS41_RS32325 "ƏƔƓƓƒƑƓƔōѵƔƖƔŊ
"ƏƔƓƓƒƑƓƔōѵƔƕƖ
P. ginsengiterrae DCY85 n/a A6V36_RS34655-A6V36_RS34735 A6V36_13555-A6V36_13635
P. graminis C4D1M n/a !	!$ō!"ƒƐƒƏƏŊ
!	!$ō!"ƒƐƑƑƏ
]u-l	!$ōѵƒѵƒŊ
]u-l	!$ōѵƒƓƕ
P. insulsa ƑѶƐѶƒ n/a BX589_RS19295-BX589_RS19215 BX589_111106-BX589_11190
P. kururiensis M130 n/a ƐƐѶō!"ƏƐƑƕƏƓƔŊƐƐѶō!"ƏƐƑƕƐƑƔ n/a
P. megapolitana ƑƒѵƔƏ n/a BM166_RS27120-BM166_RS27200 "ƏƔƐƖƑƔƓƒōƐƏƖƐƔѶŊ
"ƏƔƐƖƑƔƓƒōƐƏƖƐƕƓ
P. nodosa "oƐƒƓƐ n/a 	ƕƐō!"ƑƒƏѶƏŊ	ƕƐō!"ƑƑƖѵƔ n/a
P. oxyphila !ƐƏƔƕƖƕ n/a BO1_RS31110-BO1_RS23945 n/a
P. phenazinium "ƖƔ n/a BUS12_RS10920-BUS12_RS10830 "ƏƔƓƓƓƐѵƔōƑƑƑƖŊ
"ƏƔƓƓƓƐѵƔōƑƑƐƐ
P. phenoliruptrix BR3459a 2 BUPH_RS28500-BUPH_RS28580 BUPH_06127-BUPH_06111
P. phytofirmans v 2 BPHYT_RS24375-BPHYT_RS24455 Bphyt_4909-Bphyt_4925
P. rhynchosiae WSM 3937 n/a C0Z16_RS18310-C0Z16_RS18230 C0Z16_18290-C0Z16_18210
P. sediminicola ƑƓƑƒѶ n/a BLT79_RS22400-BLT79_RS22480 "ƏƔƐƖƑƔƓƕōƐƏƑƖƔƕŊ
"ƏƔƐƖƑƔƓƕōƐƏƑƖƕƒ
P. soli ƑƔŊѶ n/a C0Z19_RS08700-C0Z19_RS08620 C0Z19_08720-C0Z19_08640
Paraburkholderia sp. ƐѶƒƑ n/a ƏƕƔō!"ƑƓѵƓƔŊƏƕƔō!"ƑƓƔѵƔ ƏƕƔōƐƐƏƐƏƏŊƏƕƔōƐƐƏѶƓ
Paraburkholderia sp. ƑƐƓƐ n/a ƏѶƒō!"ƑƑѶƐƏŊƏѶƒō!"ƑƑƖƏƔ ƏѶƒōƐƏƖƐƐƖŊƏѶƒōƐƏƖƐƒѶ
Paraburkholderia sp. ƑƔƐƐ n/a Əƕƒō!"ƐƐƑƖƏŊƏƕƒō!"ƐƐƒƕƏ ƏƕƒōƐƏѵƐƒƓŊƏƕƒōƐƏѵƐƔƐ
Paraburkholderia sp. C35 n/a DK391_RS17735-DK391_RS17655 n/a
Paraburkholderia sp. (ƏѵѶ n/a C8K18_RS26440-C8K18_RS26520 C8K18_115102-C8K18_115118
Paraburkholderia sp. (ƏƕƑ n/a C8K19_RS26210-C8K19_RS26130 C8K19_11551-C8K19_11535
P. symbiotica JPY 581 n/a C0Z20_RS18355-C0Z20_RS18280 C0Z20_18350-C0Z20_18275
P. terricola ƑƏƔƖƓ n/a &ƒƖō!"ƑƑƓƖƏŊ&ƒƖō!"ƑƑƔƕƏ "ƏƔƐƖƑƔƓѶōƐƏƑƖƔƕŊ
"ƏƔƐƖƑƔƓѶōƐƏƑƖƕƒ
P. tropica ƑƑƑƕƓ n/a BMY06_RS23990-BMY06_RS23890 "ƏƔƑƐѵƔƔƏōƐƐƓƐƒƕŊ
"ƏƔƑƐѵƔƔƏōƐƐƓƐƐƕ
00u;b-|bomvĹ Chr, chromosome; n/a, not applicable.
a;m;Ѵo1bu;=;u|o|_;=buv|ŐtssL) and last (tagYő];m;vbm|_;$ѵ""ŊƐ];m;1Ѵv|;ubm|_;v;vr;1b;v-vv_ombmb]u;ƐĺP. acidipaludis is an 
exception to this, where the gene loci refer to tssL to tagN.
bIf n/a is stated, chromosome location was not available as the loci coordinates were obtained from draft assemblies consisting of contigs.
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Table A5. Strain-specific T6SS-7 gene loci in Burkholderia and related species
Species Strain _ub Locusa Ѵ7Ѵo1vņ-Ѵb-va
Burkholderia
B. cenocepacia H111 2 I25_RS17325-I35_RS17415 I35_0565-I35_0547
	)"ƒƕŊƑ 2 DM40_RS13140-DM40_RS13060 DM40_4776-DM40_4759
ŊƔŊƒŊƒƏŊ"ƐŊ	ƕ 2 WJ11_00625-WJ11_00725 n/a
VC12308 2 ѶƕƔō!"ƏƏѶƏƔŊѶƕƔō!"ƏƏƖƐƏ ѶƕƔōƏƏѶƐƔŊѶƕƔōƏƏƖƐƏ
	Ƒ" n/a W5I_RS0113450-W5I_RS0113540 n/a
PC184 Mulks 1c B9Z07_RS01130-B9Z07_RS01225 B9Z07_01130-B9Z07_01230
TAtl-371 n/a BLS50_RS24480-BLS50_RS24390 "ƏƔƓƓƒƏƑѵōƓƕƖѵŊ
"ƏƔƓƓƒƏƑѵōƓƕƕѶ
B. ambifaria RZ2MS16 n/a AS146_RS14130-AS146_RS14210 n/a
B. cepacia LK29 14 n/a VL15_RS08940-VL15_RS08850 VL15_08935-VL15_08845
B. diffusa MSMB0010 n/a WJ30_RS22370-WJ30_RS22295 WJ30_23825-WJ30_23750
B. dolosa AU0158 2 AK34_RS03975-AK34_RS04060 AK34_3963-AK34_3981
B. latens AU17928 2 WK25_RS26375-WK25_RS26295 WK25_26365-WK25_26285
B. metallica ŊѵŊƔŊƒƏŊ"ƐŊ	ƕ 2 WJ16_RS22925-WJ16_RS23015 WJ16_22900-WJ16_22990
B. 
pseudomulti-
vorans
MSMB574 n/a WT57_RS16705-WT57_RS16620 WT57_21995-WT57_21910
B. puraquae CAMPA 1040 n/a ƕƔƓō!"ƑƏƒƔƔŊƕƔƓō!"ƑƏƑƕƏ ƕƔƓōƑƏƒƓƔŊƕƔƓōƑƏƑѵƏ
B. pyrrocinia MSMB1755 n/a WJ63_RS05815-WJ63_RS05755 WJ63_27610-WJ63_27550
B. stabilis LA20W n/a BSLA_02f3182-BSLA_02r3154 n/a
B. stagnalis MSMB1147 n/a WT05_RS32155-WT05_RS32230 WT05_32120-WT05_32195
B. territorii MSMB1917 n/a WT40_RS07200-WT40_RS07125 WT40_07845-WT40_07770
B. ubonesis MSMB2006 n/a WK05_RS31815-WK05_RS31895 WK05_23690-WK05_23770
B. vietnamiensis ŊƑŊƑŊƒƏŊ"ƐŊ	Ə n/a WJ01_RS25680-WJ01_RS25595 WJ01_26115-WJ01_26030
B. glumae !Ɛ 2 &ō!"ƑƒƑƖƔŊ&ō!"ƑƒƑƏƔ bglu_2g11110-bglu_2g10910
"r;1b;vu;Ѵ-|;7|oBurkholderia
P. tuberum DUS833 n/a BLU10_RS24530-BLU10_RS24630 "ƏƔƓƓƔѶƔƏōƔƏƕƑŊ
"ƏƔƓƓƔѶƔƏōƔƏƖƒ
C. metallidurans CH34 n/a !$ō!"ƏƒƐƑƏŊ!$ō!"ƏƒƑƐƔ Rmet_0617-Rmet_0637
00u;b-|bomvĹ Chr, chromosome; n/a, not applicable.
a;m;Ѵo1bu;=;u|o|_;=buv|ŐtssE) and last (tssJő];m;vbm|_;$ѵ""Ŋƕ];m;1Ѵv|;ubm|_;v;vr;1b;v-vv_ombmb]u;Ƒĺ
bIf n/a is stated, chromosome location was not available as the loci coordinates were obtained from draft assemblies consisting of contigs.
cChromosome designation may be incorrect for this genome assembly as the largest chromosome has been designated chromosome 3 and 
v;1om7Ѵ-u];v|1_uolovol;Ɛĺu|_;ulou;ķ|_;m1Ѵ;o|b7;v;t;m1;o=1_uolovol;Ƒo=ƐѶƓѴhvv_-u;vvb]mb=b1-m|v;t;m1;_oloѴ-
ogy with chromosome 1 of B. cenocepacia J2315 and H111, indicating that chromosome 3 should be designated as chromosome 2, which 
would mean the T6SS-7 cluster is located on chromosome 2 in this strain, as observed in other B. cenocepacia strains.
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Table A6. Putative T6SS-dependent effectors localised to tssI gene clusters in B. cenocepacia J2315 identified in silico
Effector locusa _u tssI locusa u;7b1|;7-1|bb| m1|bom-Ѵ7ol-bmņ_oloѴo]b Immunity locusa
BCAL1166 (QU43_RS42350) 1 BCAL1165 (QU43_RS42345) Peptidoglycan hydrolase Ƒƒr;r|b7-v;ŐƏƐƔƔƐőķ"ƒōƒ
ŐƏѶƑƒƖőķvol;ŊѴbh;$	
(cl00222)
BCAL1167 
(QU43_RS73515)
BCAL1292 (QU43_RS42955) 1 BCAL1294 (QU43_RS42965) Pore-forming Tse4 BCAL1291 
(QU43_RS42950)
BCAL1296 (QU43_RS42975) 1 BCAL1294 (QU43_RS42965) Phospholipase !ōѴbh;ņ	&ƓƐƔƏŐƐƒѵѵƔőķ
Lipase_3 (cd00519)
BCAL1297 
(QU43_RS42980)
BCAL1298 (QU43_RS75480) 1 BCAL1294 (QU43_RS42965) 1Ѵ;-v; Ŋņ	(m1Ѵ;-v;
ŐƐƓƓƐƏő
BCAL1299 
(QU43_RS42990)
BCAL1358 (QU43_RS43285) 1 BCAL1355 (QU43_RS43270) Phospholipase $Ѵ;Ɛņ	&ƑƑƒƔŐƏƖƖƖƓő BCAL1357 
(QU43_RS43280)
BCAL1366 (QU43_RS43320) 1 BCAL1362 (QU43_RS43300) Phospholipase $Ѵ;Ɛņ	&ƑƑƒƔŐƏƖƖƖƓő BCAL1365 
(QU43_RS43315)
BCAL2277 (QU43_RS48015) 1 BCAL2279 (QU43_RS48025) Phospholipase $Ѵ;ƒķ	&ƒƑƕƓŐƐƐѵƕѶő BCAL2276 (QU43_
RS48010), BCAL2274 
(QU43_RS48000), 
BCAL2272 
(QU43_RS47990)
BCAL2504 (QU43_RS49175) 1 BCAL2503c (QU43_RS49165) Pore-forming Tse4 BCAL2505 
(QU43_RS49180)
BCAM1464 (QU43_RS74705) 2 ņd Peptidoglycan hydrolase Tae4 BCAM1465 
(QU43_RS61680)
BCAM0046 (QU43_RS54630) 2 BCAM0043 (QU43_RS54615) Phospholipase $Ѵ;Ɛņ	&ƑƑƒƔŐƏƖƖƖƓő BCAM0045 
(QU43_RS54625)
BCAM0149 (QU43_RS55145) 2 BCAM0148 (QU43_RS55140) Phospholipase $Ѵ;Ɣņ	1ō"Ő1ѴƐƔƑƒƖő BCAM0150 (QU43_
RS55150), BCAM0152 
(QU43_RS55160)
BCAM2253 (QU43_RS65635) 2 BCAM2254 (QU43_RS65645) 	+ glycohydrolase PAAR_RHS (cd14742), RhsA 
ŐƒƑƏƖőķ!"$	
(smart00953,214933)
QU43_RS75580
BCAM2252 (QU43_RS65630) 2 BCAM2254 (QU43_RS65645) Unknown !_vŐƒƑƏƖő BCAM2251a 
(QU43_RS65625)
BCAS0663 (QU43_RS71975) 3 BCAS0667 (QU43_RS71995) 1Ѵ;-v; PAAR_RHS (cd14742), RhsA 
ŐƒƑƏƖőķņ	(
superfamily with WHH CTD 
ŐƐƓƓƐƓő
BCAS0662 (QU43_
RS71970), BCAS0661c 
(QU43_RS75295)
a;ņ-Ѵb-vѴo1vm-l;v]b;mbmr-u;m|_;v;vĺ
bPfam or Conserved Domain Database accession numbers of the domains are given in parentheses.
cDisrupted tssI];m;|_-|bv;uѴbh;Ѵ|o0;momŊ=m1|bom-Ѵ-v|_;;m1o7;7ruo71|bv|um1-|;7-||_;Ŋ|;ulbmv-m7=v;7|o-tssF orthologue.
d==;1|oumo|Ѵo1-|;7m;-u-tssI cluster.
ՊՍՊ |ՊƑƒo=ƑѵSPIEWAK ET AL.
	*Ƒ
&!$!	 $ "! !	"$!& $B .  CEN O CEPACI A &$$"
Primer pairs tssA-OPfor and tssA-OPrev, tssK-OPfor and tssK-OPrev, tssM-OPfor and tssM-OPrev and tagY-OPfor and tagY-OPrev were 
used for PCR screening of candidate tssA::Tp, tssK::Tp, tssM::Tp and tagY::Tp mutants, respectively.
   & !    Ɛ Պ tagY encodes a predicted transmembrane protein with a periplasmically located C-terminal domain containing four 
cysteine residues. (A) Amino acid sequence alignment of TagY homologues. The amino acid sequences of TagY homologues identified in B. 
cenocepacia J2315 (BCAL0353), A. arsenitoxydans SY8 (KYC_RS0619), R. gelatinosusƐƓƓŐ!ōƑƔƖƒƏőķB. lataƒѶƒŐƐѶƐƖƓō!"ƏƕƖƕƏőķ
B. thailandensis ƑѵƓŐ$ō!"ƑƕƑƔƏőķX. oryzaeƒƐƐƏƐѶŐ$*ѵƐō!"ƐƕƓƔƏő-m7R. solanacearumƐƏƏƏŐ!"ō!"ƑƏƕƖƏő;u;-Ѵb]m;7
vbm]Ѵv|-Ѵ)ĺo|;|_-||_;_oloѴo];bmR. solanacearum does not contain the cysteine rich C-terminal domain. Sequences constituting 
|_;ru;7b1|;7Ŋ|;ulbm-Ѵ7ol-bmŐ$	őķ|u-mvl;l0u-m;7ol-bmŐ$	őķ-m71v|;bm;Ŋub1_r;ubrѴ-vlb1Ŋ|;ulbm-Ѵ7ol-bmŐ$	ő-u;
bm7b1-|;700Ѵ;ķu;7-m7]u;;m0o;vķu;vr;1|b;Ѵĺovb|b;Ѵ1_-u];7-lbmo-1b7vѴo1-|;7Ŋ|;ulbm-Ѵ|o|_;$	-u;v_ombmu;7=om|ĺ
(B) Schematic representation of the predicted domain arrangement of TagY. $_;vl-ѴѴ1|orѴ-vlb1$	Ő0Ѵ;őķ$	Őu;7őķѴom]Ѵbmh;uu;]bom
(black) and cysteine-rich periplasmic CTD (green) are shown.
ƑƓo=ƑѵՊ|ՊՊՍ SPIEWAK ET AL.
   & !    Ƒ Պ tagZ encodes a putative 
cytoplasmic membrane protein. (A) 
Schematic representation of the predicted 
topology and transmembrane helices 
within TagZ of B. cenocepacia J2315 
(encoded by BCAL1353), as predicted by 
$";u;uŐĺƑĺƏőĺŐőŊ|;ulbm-Ѵ
amino acid sequence alignment of 
TagZ homologues in B. cenocepacia 
J2315 (BCAL1353), B. pseudomallei 
K96243 (BPSL2052), R. gelatinosus 
ƐƓƓŐ!ō!"ƐƑƔƖƔőķX. oryzae 
311018 (TX61_RS17434), P. bannensis 
!ƐƏƒѶƕƐŐƏƐ"ō!"ƒƖƑѶƔőķR. 
solanacearum ƐƏƏƏŐ!"ō!"ƑƏƕƕƔő
and A. baumannii ATCC 17978 
(AUO97_RS13995). The predicted 
transmembrane helices are enclosed in 
red boxes.
   & !    ƒ Պ tagZ and paar genes associated with the Burkholderia T6SS-1 are often located within a triple tssI cluster.Schematic 
representation of triple tssI gene clusters identified in the indicated Burkholderia spp. and Paraburkholderia bannensis !ƐƏƒѶƕƐķ_b1_
contain the T6SS-1-associated tagZ and paar];m;vĺ;m;v;m1o7bm]r|-|b;$ѵ""ŊѴbr-v;;==;1|ouvŐtle1), associated lipase immunity 
protein(s) (tli1) and T6SS adaptor proteins (tec/tap-1) are often present within the cluster.
ՊՍՊ |ՊƑƔo=ƑѵSPIEWAK ET AL.
   & !    Ɠ Պ The T6SS-7 cluster of B. cenocepacia H111 encodes a putative T6SS type-5 lipase effector (Tle5) with characteristic dual HxKhhhhD 
sequence motifs.Amino acid sequence alignment of the two regions containing HxKhhhhD catalytic motifs present in putative T6SS-dependent type-5 
lipase effector (Tle5) homologues from B. cenocepacia H111 (encoded within the T6SS-7 cluster at I35_RS17370), B. cenocepacia J2315 (BCAM0149), 
R. solanacearum ƐƏƏƏ-m7ƑƖƔƕŐ!"ō!"ƑƏƐƒƔ-m7!ōlrƑƏƑƑƐőķC. violaceum ATCC 12472 (CV_RS06020), C. metallidurans CH42 
Ő!$ō!"ƏƒƐѶƏőķP. aeruginosa PAO1 (PA5089 and PA3487), A. xylosoxidans A8 (AXYL_RS28255) and S. maltophilia SKK35 (SMSKK35_0837). The dual 
HxKhhhhD motif (where h is an amino acid with a hydrophobic side chain) is characteristic of phospholipase D (PLD) enzymes.
   & !    Ɣ Պml;u-|bomo=b-0Ѵ;B. cenocepacia attacker strains in bacterial competition assay.(A) Recovery of viable B. cenocepacia 
H111 attacker strains following co-culture with the indicated prey strains or medium control for 4 hours at 30°C. (B) Comparison of 
recovery of B. cenocepacia H111 WT or ΔtssM mutant attacker strains carrying a complementation or control plasmid (pBBR1-tssM (ptssM) 
and pBBR1) following co-culture with E. coli SM10(λpir) prey or medium control. nƾƒ-m7;uuou0-uvbm7b1-|;"	ĺ
Ƒѵo=ƑѵՊ|ՊՊՍ SPIEWAK ET AL.
   & !    ѵ Պ T6SS-1 effector loci in the B. cenocepacia J2315 genome.Schematic representation of tssI gene clusters identified in B. 
cenocepacia J2315 and putative T6SS-dependent effector-immunity pairs encoded within the clusters (tssI genes are shown in red with 
Ŋ|;ulbm-Ѵ1o7bm]v;t;m1;v1oѴou;7]u;;mŐ	&ƑƒƓƔ7ol-bmőķ0uomŐl;|-ѴѴoruo|;-v;7ol-bmőoub|_vr_;u;vŐѴbr-v;ōƒ7ol-bmő-v
observed previously (Aubert et al., 2015). The BCAL2503 tssI gene contains a deletion that results in its fusion to a divergently orientated 
tssF];m;-m7bvru;vl-0ѴmomŊ=m1|bom-Ѵĺ;m;v;m1o7bm]|_;r|-|b;;==;1|ouv-m7-vvo1b-|;7bllmb|Ŋruo|;bm-u;Ѵ-0;ѴѴ;7-m7
=bѴѴ;7Ŋbmb|_1oѴou;7vr_;u;v-m77o|vķu;vr;1|b;Ѵĺ;m;v;m1o7bm]u;1o]mb;7$ѵ""Ŋ-7-r|ouruo|;bmvķ$;1ņ$-rŊƐķ	&ƑƐѵƖŊ;m1o7bm]
ruo|;bmv-m7-]!ķ-m7!Ŋ1om|-bmbm]ruo|;bmv-u;-ѴvoѴ-0;ѴѴ;7-m7=bѴѴ;7b|_7b-]om-Ѵ1oѴou;7v|ubr;v-m7ou-m];_oubom|-Ѵv|ubr;vķ
respectively. tssF homologues are also shown (purple). The BCAM1464-BCAM1465 tae4-tai4 effector-immunity gene pair is not associated 
with a tssI gene cluster.
